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List of symbols and abbreviations 
 
a  number of animal places 
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N
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The pig rearing industry has a large economic impact, not only worldwide, but also in Flanders. In 
2010, about 6.4 million pigs were kept in Belgium, of which 94% were kept in Flanders (DLV, 2011). 
The Flemish pig industry has a total production value of 1.38 billion Euros (Platteau et al., 2012) and 
pork is still the most consumed meat in Belgium. The environmental impacts like acidification, 
eutrophication and global warming are internationally recognized issues. Also health problems related 
to ambient particulate matter are gaining attention. There is a growing awareness of the important 
contribution of livestock facilities to the ambient air quality and emission ceilings are being introduced 
as an answer to different European air quality and emission regulations. The scope of this research was 
to achieve a reduced measuring strategy for sampling particulate matter (PM), ammonia and 
greenhouse gases (GHG) in pig fattening facilities. Furthermore, indoor and emission measurements 
of PM and these gases were performed in pig fattening facilities (PFF) to determine the indoor air 
quality and to calculate emission factors.  
The research can be divided in two phases: 1) measuring methods and strategies, 2) indoor 
concentration and emission measurements and evaluation of the emissions and occupational health. 
During the first part, the PM sampling method was examined. The objective was to test the 
comparability and equivalence of different instrumental techniques for the measurement of particulate 
matter concentrations (PM10, PM2.5, and PM1) in heavy PM loaded agricultural aerosols like the indoor 
climate of a pig fattening facility. The equivalence assessments were performed according to EN 
13205 (2002). Furthermore, the instrument performances were evaluated with regard to temperature 
and relative humidity at the sampling site, sampling duration and PM concentrations. Four types of 
instruments were included in these experiments: a reference instrument for ambient air according to 
Belgian and European regulations, a PM10 impactor, a beta attenuation monitor and two identical 
spectrometers. 
In most cases, comparable results in PM10 concentrations were found between the different 
instruments. Furthermore, for this PM fraction, equivalence according to EN 13205
 
(2002) was 
established with the spectrometers. For PM2.5 and PM1, the measured concentrations were less 
comparable between the different instruments, and consequently no equivalence could be shown.  
In general, slightly lower PM10 concentrations were obtained by the samplers with an impaction 
separation technique (Reference Sampler, BAM and Impactor). In contrast, for PM1 and PM2.5, the 
impaction techniques measured concentrations up to 25 times higher than the Spectrometers. The latter 
phenomenon was probably due to overload of the impaction plates of the samplers. 
To develop a measuring strategy for PM and gases, a large dataset was collected in a compartment of a 
conventional PFF on both indoor concentrations and emission rates, in order to make a detailed 
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analysis of the temporal and spatial variations of these pollutants. Different PM fractions ranging from 
0.25 to 32 µm were sampled continuously together with environmental parameters (i.e., temperature 
and relative humidity). Sampling position (19 locations) within the compartment showed a significant 
effect on the PM concentration, but this was small compared to the effect of the daily variations and 
the variation over the whole fattening period. The contribution of location to the variance of indoor 
PM concentrations was 6, 4 and 12% for PM1, PM2.5 and PM10, respectively. The effect of daily 
variations contributed 29, 65 and 58% to the concentration variance, while the effect of variation over 
the fattening period was 65, 31 and 31% for PM1, PM2.5 and PM10, respectively. Based on these 
conclusions, a measuring strategy for pig fattening facilities is proposed. For one fattening period, the 
strategy consists of 4 specific sampling periods of 48 hours. This measuring strategy offers the 
possibility to shorten the total sampling time significantly and to reduce the number of measurements 
without loss of important PM concentration characteristics (e.g., daily peak concentrations and 
emission factors). This strategy also allows a reconstruction of the evolution of PM concentrations 
over the entire fattening period.  
In contrary to PM, sampling location had a large significant influence on the measured concentrations 
of all gases, with variance proportions varying from 31 to 48%. Significant spatial variations for the 
different gases were found. In general, the highest concentrations were found at animal height, 
followed by the location at the ventilation exhaust. Furthermore, the concentrations increased towards 
the ventilation exhaust. The lowest concentrations were measured at the back of the stable. A similar 
spatial pattern was found for NH3 and CH4. Based on the mean concentrations over the fattening 
period, high differences were found between the minimum and maximum concentrations, with a 
relative concentration difference of 80, 84%, 48 and 47% for NH3, CH4, N2O, and CO2, respectively. 
Furthermore, there was a clear interaction between ventilation rate and measured location for NH3, 
CO2 and CH4, indicating there is a significant effect of the ventilation pattern.  
To determine a measuring strategy, not only the spatial variations in concentrations were studied, but 
also the temporal variations. This study was based on intensive measurements of NH3, CH4, N2O, and 
CO2 during two fattening periods in a PFF with 7 equal animal compartments. The objective was to 
determine the respective variations of indoor concentrations and emission rates between the 
compartments, and to analyse the diurnal variations and variations during the whole fattening period. 
Diurnal variations of the gases were studied. Similar trends were found for NH3 and CO2, and also for 
CH4 and N2O. Furthermore, prediction models were established to simulate the evolution during the 
fattening period. Based on all measurement days for each compartment, the models fitted well for the 
indoor concentrations and emission rates of the gases. Reduced measuring models were assessed to 
evaluate reduced measuring strategies. Reducing the number of measuring days to one randomly 
selected day per month, with measurements in all compartments, was satisfactory for the prediction of 
indoor concentrations and emissions over the whole fattening period. From this analysis we could 
conclude for a fattening period of 120 days, that a good prediction of the indoor concentrations and 
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emission rates of NH3, CH4, N2O and CO2, is possible with a measurement strategy based on one 
measuring day per month, sampling hourly average concentrations and emissions. As the contribution 
of the measurement location to the measured gas concentration is significant, it is important to 
measure the gas concentrations at the place of interest, e.g. at the ventilation exhaust for emission 
measurements or at animal height for animal exposure assessment. During the second part of this 
research indoor concentrations of PM (PM1, PM2.5 and PM10) and gases (NH3, N2O, CH4 and CO2) 
were measured based on the reduced measuring strategy and in different conventional PFF and in one 
low ammonia emission fattening facility (LAE). Concentration data were used to calculate respective 
emission factors (EF) which were assessed and evaluated with regard to similar studies from literature.  
In total, six pig fattening stables were sampled during two fattening periods. The average indoor PM 
concentrations for conventional pig fattening stables were 15.0, 38.9 and 719 µg m
-3
 for PM1, PM2.5 
and PM10, respectively. For the LAE stable, these were 14.2, 41.2 and 595 µg m
-3
 respectively. The 
average indoor gas concentrations for the conventional stables were 18.7, 0.82, 128 and 2034 ppm for 
NH3, N2O, CH4, and CO2 respectively and for the LAE 16.3, 0.73, 164 and 2156 ppm. The emission 






















for CO2. For the LAE the emission factors 






















Furthermore, the particle size distribution and the correlations between indoor concentrations, 
emissions and different operational conditions were investigated. 
Finally, also PM exposure levels for both the farmer and the veterinarian during different operational 
tasks in pig fattening houses were assessed and their exposure levels on a daily working basis (time 
weighted average (TWA)) were estimated. The measured PM fractions were: inhalable and respirable 
PM, PM1, PM2.5 and PM10. Furthermore, the effects of pig age, pen floor type (conventional or low 
emission surface) and cleaning of the pens on the personal PM exposure were investigated. Also the 
indoor concentrations of NH3, CH4, and CO2 were measured during some operational tasks. 
The results showed that personal exposure levels can become extremely high during some operational 
tasks performed by the farmer or veterinarian. The highest concentration levels were observed during 
feed shovelling and blood sampling, the lowest during the weighing of the pigs. For the farmer, the 
estimated TWA exposure levels of inhalable and respirable PM were 6.0 and 0.29 mg m
-3
, 
respectively. The exposure levels for the veterinarian were 10.6 and 0.74 mg m
-3
, respectively. 
The PM concentration levels were mainly determined by the performed operational tasks. There was 




Chapter 1. Introduction and problem statement 
 
 
1.1. Pig husbandry in Europe and Flanders 
 
1.1.1. Production data 
 
Overall, pig rearing in Europe has been increasing slowly or holding steady since the 1970s as the 
industry copes with rising feed costs and stringent EU animal husbandry requirements (FAO, 2006; 
USDA, 2012). Today, China accounts for nearly half of the world production. Nevertheless, still 
21.8% of the world’s pig stock is located in Europe (USDA, 2012). Germany is the largest European 
pig producer, with almost 25 million animals, followed by Spain, with 23 million (Leip et al., 2010). 
Today, Europeans consume around 43 kg of pork a year, accounting for 45% of their total meat 
consumption (Leip et al., 2010). 
Belgium holds 4.2% of the total pig stock in Europe, and occupies place 8 in the EU-25 (Windhorst, 
2006). In 2010, about 6.4 million pigs were kept in Belgium, of which 94% were kept in Flanders 
(DLV, 2011). The Flemish pig industry had a total production value of 1.38 billion Euros (Platteau et 
al., 2012). In Belgium, the consumption of pork meat had a market share of 30% in 2010 (Vlam, 
2011). 
At the end of the nineties, the Flemish pig industry experienced a serious setback, mainly due to price 
cuttings, the dioxin crisis (1999) and a stricter manure policy (Mira, 2013). From 2008 onward, 
livestock started to increase again in Flanders, mainly due to a more flexible manure policy, although 
the number of farms decreased. Worldwide, it could be observed that the increasing demand for food 
by the earth’s growing population, and also economic issues led to increasing production efficiency, 
higher animal stocking densities and upscaling (FAO, 2006; Aneja et al., 2009; USDA, 2012). Today, 
7% of the fattening pigs in Belgium are kept in IPPC (Integrated Pollution Prevention and Control) 
farms (>2000 pigs) (Leip et al., 2010). This is still a small fraction compared to other EU members 
(>>10%) (Leip et al., 2010), but is expected to increase in the near future.  
 
1.1.2. Production cycle and housing systems 
 
In north-western Europe, pigs are usually kept in confined animal houses equipped with mechanical 
ventilation systems (Leip, 2010, Wageningen UR, 2010). The pork production sequence can be 




rearing (8-12 weeks) and fattening or growing-finishing stage (12-20 weeks) (Boussery, 2011) (Fig. 
1.1). 
Animals have specific needs at each of these stages, requiring appropriate management and housing 
facilities (Wageningen UR, 2010). After farrowing, the piglets are moved to the nursery until they 
weigh about 23 to 30 kg. Finally, they are moved to a pig fattening facility to finish their growth 
before slaughter takes place at 5.5 to 6.5 months of age (Boussery, 2011; Wageningen UR, 2010). In 
most EU countries, the live weight at slaughter is between 105 and 115 kg (Reuters, 2007). 
Some farms, the so called farrow to finish operations, farrow the litters and raise the piglets to market 
weight. Others are specialized in one or more specific stages of the production sequence (Wageningen 
UR, 2010). 
Table 1.1 shows the number of fattening pigs per stable type for Flanders based on the inventory of the 
VLM 2011(personal communication). Today, in Flanders, newly built housing systems require low 
emissions techniques, which mainly focus on ammonia. As can be observed, only 15% of the fattening 
pigs are kept in low emission stables. Mostly end-of-pipe techniques like a chemical wet scrubber or a 
bioscrubber are used (40 and 20%, respectively). The other 40% of the low emission stables are 
systems with for example a reduced manure pit, or frequent removal of slurry (European Commission, 
2003; Belgisch Staatsblad, 2012).  
 
 
Fig. 1.1 Pig breeding cycle (adapted from AGE s.r.o, 2013) 
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Table 1.1 Number of fattening pigs and the relative amount per stable type in Flanders (VLM, 2011). 
Stable type N° of pigs Relative amount 
Conventional stables 3 481 243 85% 
Low emission stables 600 642 15% 
 
4 081 885 100% 
 
  
Low emission stables 
  
      Chemical wet scrubber 243 986 6% (40%) 
      Bioscrubber 119 423 3% (20%) 
      Other (no scrubber) 237 233 6% (40%) 
 
356 656 15% (100%) 
 
 
1.2. Impact of pig husbandry on air quality 
 
1.2.1. Main air pollutants and related sources in pig fattening facilities 
 
The most important gases generated in pig fattening facilities (PFF) are NH3, CO2, CH4, N2O and H2S 
(CIGR, 1994). Also compounds like PM, endotoxins and micro-organism occur in higher 
concentrations compared to ambient air (CIGR, 1994; Donham et al., 1991).  
Different definitions of PM exist. In ambient air, PM10, PM2.5 and PM1 are commonly used terms, and 
can be defined as particulate matter which passes through a size-selective inlet with a 50% efficiency 
cut-off at respectively 10, 2.5 or 1 µm aerodynamic diameter (European Council, 1999). According to 
the occupational conventions (EN 481, 1993)), the human health-related sizes are: inhalable (particles 
which can be inhaled through the nose and mouth), thoracic (inhaled particles which can penetrate into 
the larynx), and respirable (particles which can go beyond the larynx and penetrate into the unciliated 
respiratory system). Many authors also mention total dust or total suspended particles (TSP) as an 
evaluation parameter. TSP is the total amount of solid or liquid particles in the aerosol (Vincent, 
2007).  
The main sources of PM in fattening stables are feed, manure and skin parts (Cambra-López et al., 
2011a,b). Manure and skin parts contribute to respectively 65.0 and 28.9% of the total PM based on 
mass weight (Cambra-López et al., 2011b). Furthermore, according to this study, the contributions of 
manure and skin parts to the coarse PM fraction (PM10-PM2.5) were 23.4 and 67.9% respectively. 
Often the composition of particulate matter is classified based on the way it is harmful for health, such 
as the presence of infectious particles (micro-organisms), physically damaging material (excess silica, 
fibres, etc.), chemical incriminating material (gases, particles that carry harmful substances) or 
immunologically damaging dust (endotoxins, antigenic material or particles carrying it). Major 
differences in bio-aerosol content exist between different livestock facilities (Iversen et al., 2000; Van 
Gucht et al., 2003). Martin et al. (1996) showed that up to 22 different microorganisms occur in a 




micro-organisms in particulate matter such as staphylococci, Pseudomonas spp., Bacillus spp., Listeria 
spp., enterococci, Nocardia spp., Lactobacillus spp. and Penicillium spp.. Recently, increased 
concentrations of antibiotics, volatile organic compounds and carcinogenic substances such as PAHs 
and PCBs were found in PM from piggeries (Hamscher et al., 2003; Koziel et al., 2007). 
Also different interactions like coagulation and accumulation between pollutants can occur in and 
outside livestock facilities (Harrop, 2002; Vincent, 2007). PM plays an important role as a carrier of 
different biological agents and gas molecules, which can be absorbed by the particles. According to 
Reynolds et al. (1998), up to 24% of the total NH3 can be absorbed by PM (mainly PM2.5) in livestock 
houses.  
Furthermore, NH3 emitted from livestock facilities is a precursor of secondary aerosol formation 
(ammonium salts) (Erisman and Schaap, 2004). The inorganic aerosols are generally in the <0.5 μm 
(sulphates and nitrates) and 0.5–5.0 μm size range (Milford and Davidson, 1987) (Aneja et al, 2009). 
According to CIGR (1994), it is unlikely that these reactions will take place in livestock buildings, as 
the concentrations of negative ions in the air are low and the ventilation rates are high. However, 
studies by Lammel et al. (2004) and Martin et al. (2008), who measured secondary aerosols upwind 
and downwind from livestock farms, suggest that livestock farms can act as a source of secondary 
aerosols (Lammel et al., 2004; Martin et al., 2008). Research by Roumeliotis et al. (2008; 2010), 
conducted in broiler and layer barns, indicates that secondary aerosols of ammonium salts were 
already formed inside the barns (Roumeliotis and Van Heyst, 2008; Roumeliotis et al., 2010). 
Also odorous compounds can be absorbed by PM, however, at present most odour sampling 
techniques do not take PM into account (due to technical issues). This can lead to an underestimation 
of the odour emissions of livestock facilities (Cambra-López et al., 2010). 
 
Emissions of NH3, N2O, CO2 and CH4 in livestock facilities are generated via natural processes 
(Merrington et al., 2002). Nitrogen in the feed diet is the primary source of NH3 and N2O in fattening 
stables (CIGR, 1994). Manure contains undigested proteins and N-components in the faeces and 
products of protein degradation in the urine. Ammonia is mainly released from the slurry in the pit of 
the stable (CIGR, 1994). Manure nitrification and denitrification processes cause the formation N2O 
(Merrington et al., 2002; CIGR, 1994, Ni et al., 1999b). In fattening facilities, most nitrogen is 
released from the manure pit. CO2 and CH4 are mainly released by the animals, respectively by animal 
respiration and enteric fermentation (70% of the total CH4). These gases are also released by 
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1.2.2. Indoor concentrations and related effects 
 
Only during the last years, there is a growing awareness of the impact of air quality on human and 
animal health and welfare. Dust and toxic gases are the two main components that determine the air 
quality in pig facilities. The impact of indoor air quality on human health and occupational safety is 
described in more detail in Chapter 5. The effects of indoor air pollutants are multifactorial which 
makes it difficult to assess direct relationships between air quality and animal health (CIGR, 1994). 
According to a literature review of the CIGR (1994), the direct effect of the ammonia concentration on 
animal health remains inconclusive. However, it was established that the synergistic effect of 
ammonia, dust and microorganisms created both a physical and chemical burden on the respiratory 
system, which in turn affects the immune system. According to Donham (1991), the most prevalent 
swine health problems detected at slaughter were pneumonia and pleuritis. Several air contaminants 
(dust, ammonia carbon dioxide, and microbes) were found to be correlated with these typical swine 
health problems.  
The impact on animal health is not further addressed as a research topic in this PhD. 
 
1.2.3. Air pollutant emissions and related effects 
 
Worldwide, livestock rearing accounts for 64% of the global anthropogenic NH3 emissions, while 
N2O, CH4, and CO2 account for 65%, 35 to 40%, and 9%, respectively (FAO, 2006). In Flanders, 
livestock farming accounts for 7% of the total greenhouse gas emissions. This is about 70% of the 
total agricultural emissions (Campens et al., 2011). Furthermore, based on the Mira report (2010), 
27% of the GHG emissions in the Flemish agriculture originate from the pig industry. 
In Flanders 93% of the total NH3 emissions originate from agriculture, and 44% is related to pig 
rearing (MIRA, 2011). Due to a decreasing livestock, ammonia emissions from livestock facilities 
decreased with 24% in 2010 compared to 1990 (Mira, 2011), while the greenhouse gas emissions were 
reduced by 16% (Campens et al., 2011). 
Nitrogen deposition, from livestock mainly as NH3, contributes to acidification and eutrophication, 
which leads to damage on aquatic ecosystems to forests, crops and other vegetation, and biodiversity 
loss (EEA, 2012; Mallard, 2006). Furthermore, NH3 is also involved in  secondary aerosol formation, 
resulting in haze and visibility impairment and the formation of respirable aerosol particles which are 
a health concern (Arogo et al, 2001). 
The most important long-term impact of agricultural emissions is global warming (Merrington et al., 
2002). CO2, N2O and CH4 are well known greenhouse gases. They influence the thermal balance of 
the atmosphere and thus the global climate (Fenger, 2009; Forster et al., 2007). Although the global 




CO2 is still the most climate-influencing greenhouse gas due to its relatively high concentrations. Thus 
CO2 accounts for 70% of the global warming effect, followed by CH4 with 20%, and N2O with 5% 
(FAO, 2006; Elvingson & Agren, 2004). Methane has a relatively short lifetime in the atmosphere, on 
average 10 to 15 years. The lifetime of N2O in the atmosphere is approximately 150 years (Elvingson 
& Agren, 2004). Global warming is expected to result in important changes in weather patterns, 
including an increase in global precipitation, and changes in severity or frequency of extreme events 
such as severe storms, floods and droughts (FAO, 2006). 
 
At European level, the agricultural contribution of PM10 and PM2.5 was 10.3 and 2.9%, respectively  in 
2010, but varied greatly depending on the country (EAA, 2012). Based on the Mira report (2011), 
agriculture is the main source of PM10 emissions in Flanders (37%), followed by traffic (26%) and 
industry (20%). Agriculture contributed 18% to the total PM2.5 emissions. Within the agricultural 
sources, the pig industry contributes 19% for PM10 and 14% for PM2.5.  
PM can be health damaging in three ways, directly due to physical irritation of the airways, indirectly 
due to a reduced immune resistance to respiratory diseases, and also as a carrier of biological agents, 
which implies the possibility of spreading infections (Harry, 1978; Seedorf, 2007). When atmospheric 
PM levels rise, even at low levels, an increase in mortality is observed due to respiratory, cardiac and 
circulatory diseases. Also, more people will seek hospital care for bronchitis and asthma treatment 
(Elvingson & Agren, 2004). In Flanders, about 10 healthy months are lost per life due to PM exposure 
(VMM, 2009). Flanders is a region in the EU-27 with one of the highest decreases in live span due to 
PM in the air (Campens, 2010). 
Considering environmental hygiene aspects, emissions of particulate matter are important. These 
emissions are correlated with the spread of germs, such as viruses, to the immediate area and 
neighbouring stables (Seedorf, 2007). Such phenomena were confirmed in pilot tests, even against the 
prevailing wind direction (Ikeguchi et al., 2005). Gloster et al. (2007) compared the emission potential 
of healthy and infected pigs as part of an investigation into the spread of foot-and-mouth disease, as 
these viruses can disperse over several kilometres from the source (Lubroth et al., 2006). 
 
1.3. Regulatory framework regarding indoor air quality and emissions 
 
In recent years, there is growing awareness for ammonia, greenhouse gases (CO2, CH4 and N2O) and 
particulate matter (PM) emitted from livestock housing systems (Pedersen et al., 2004). The current 
policy framework consists mainly of legislation concerning the emissions from livestock facilities. 
The legal framework with respect to indoor air quality is still limited. A more detailed introduction on 
this topic is given in Chapter 5. 
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Today, different European regulations and national legislations regarding emission ceilings are 
imposed. 
PM in ambient air is regulated by the Air Quality Directive (2008/50/EC (EU, 2008)), which implies 
that 70% of the PM10 measurements in ambient air must not exceed 35 µg m
-3
. For PM2.5 this reference 
concentration is  17 µg m
-3
. These limits are fixed and every State Member of the European Union is 
allowed to define its own national measures in order to meet these objectives. Today, Belgium has no 
federal or regional (Flanders) regulations about maximum PM concentrations or emissions for 
agricultural environments.  
Directive 2001/81/EC (EU, 2001) on National Emission Ceilings for certain pollutants (NEC 
Directive) sets upper limits for each Member State to the total emissions of four pollutants responsible 
for acidification, eutrophication and ground-level ozone pollution: sulphur dioxide, nitrogen oxides, 
volatile organic compounds and ammonia. The member states can largely decide which measures to 
take in order to comply (EC, 2012). One of the measures in Flanders was the introduction of low NH3 
emission housing systems for pig and poultry facilities (Belgisch Staatsblad, 2012). For new PFF, a 




 is established. Currently this Directive is under 
review. 
Furthermore, all European facilities including more than 2000 fatteners, are also subjected to the 
European Integrated Pollution Prevention and Control (IPPC) convention. The main implication of 
this convention for pig production is the code of good agricultural practices to control ammonia 
emissions (application of best available techniques (BAT)) as described in the Bref document 
(European Commission , 2003). Currently the Bref document is being updated. 
The greenhouse gas concentrations in ambient air are regulated by the Kyoto Protocol. At the latest 
Doha climate change convention in 2012, parties to the Kyoto Protocol, which also include Belgium, 
agreed to reduce their emissions to 18% below their 1990 level during the period 2013-2020 (Figueres, 
2012). Specific for Belgium, the challenge will be the reduction of GHG emissions with 15% by 2020, 
which could mean a reduction of 9% of the total agricultural emissions or 6.3% of the livestock 
emissions (Campens et al., 2011). 
 
1.4. Measuring techniques and strategies 
 
Correct and accurate measurement techniques are required to determine the real impact of livestock 
production on air quality, both for indoor measurements and emission rate determination. According 
to a review by Pedersen et al. (2004) measuring indoor gas concentrations in livestock facilities has 
been studied rather thoroughly and a variety of appropriate sampling and measurement instruments is 
available. For PM, however, there is no well described measuring technique for livestock facilities 




appropriate for indoor PM measurement in livestock facilities, mainly due to the high PM 
concentrations in these environments (Buser et al., 2001; Zhao et al., 2009). Alternative instruments, 
like spectrometers, have been introduced in this research. A more detailed description of the problem 
and different PM sampling instruments can be found in Section 3.1.  
Although preferable, continuous sampling in livestock facilities is hardly feasible due to the high work 
load, high costs and practical difficulties. Therefore, several researchers worked on reduced sampling 
strategies with a limited but representative number of sampling days. Some efforts have been made to 
achieve more uniformity in the used measuring methods and sampling strategies by different 
countries. For example, the multinational project reported by Wathes et al. (1998) and, more recently, 
the VERA initiative (2011). This latter is currently set up within ICT Agri with participation of 
environmental authorities and experts from Denmark, the Netherlands, Germany, France and Flanders 
(Belgium). The purpose is to provide a framework for independent verification of the environmental 
efficiency and operational stability of livestock housing and management systems and includes 
measuring methods and strategies for different livestock polluting parameters like PM, NH3, GHG and 
odour. 
Also an international research project (Robin et al, 2010) has been performed associating research and 
development organizations working with animal production from different countries like France, 
Belgium, Germany, USA, China, Brazil, .... The researchers proposed a set of reference procedures for 
the measurement of ammonia and greenhouse gas emissions in animal housings and manure stores, 
which were adapted to the diversity of animal farms which can be observed throughout the world. 
 
1.5. Problem statement 
 
As mentioned previously, the pig rearing industry has a large economic impact. In 2010, about 6.4 
million pigs were kept in Belgium, of which 94% were kept in Flanders (DLV, 2011). The Flemish pig 
industry has a total production value of 1.38 billion Euros (Platteau et al., 2012) and pork is still the 
most consumed meat in Belgium. Health problems related to ambient PM concentrations are gaining 
attention. The environmental impacts like acidification, eutrophication and global warming are 
internationally recognized issues. There is a growing awareness of the important contribution of 
livestock facilities to ambient air quality and emission ceilings are being introduced as an answer to 
different European air quality and emission regulations. Furthermore, there is a need for affordable 
and sustainable emission reduction methods to comply with these emission ceilings. But, to answer 
these problems, accurate and precise measurements of emissions are necessary in order to receive 
detailed information about the current emission levels from livestock facilities.   
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Emission factors (EF) from fattening facilities for NH3, GHG, PM10, PM2.5 and PM1 have been 
determined at international level (Takai et al., 1998; Philippe et al., 2007; Mosquera et al., 2011; and 
others). However, the available EF from fattening facilities for GHG are limited, even more, EF of 
PM1 are currently not available.  Also revision of previously reported EF is needed with regard to the 
latest technical developments (ventilation, floor heating to optimize lying behaviour,...), changed 
management practices, optimized dietary,.... Furthermore, since animal facility design and 
management significantly affect pollutant release, a mere extrapolation of EF between similar 
facilities, especially at international level, can cause serious errors (Casey et al., 2006). Moreover, 
specifically for the Flemish situation, there is an important knowledge gap since there is a total lack of 
measured EF for the Flemish pig industry. Today, Flemish emissions from agriculture are mainly 
based on international inventories. There is an urgent need for regional inventories for the different 
animal categories, of which fattening pigs form an important part.  
A related problem is the difficulty to compare emissions from various studies. EF are reported in 
different ways, including per animal unit, per animal live weight or per animal place. Also the 
definitions of animal unit and animal place can differ between studies (Casey et al., 2006). Particularly 
for PM, it is difficult to compare indoor PM concentration with ambient concentrations, as measured 
indoor PM fractions (inhalable PM, respirable PM,...) differ with ambient measured fraction (PM10, 
PM2.5, ...). 
Furthermore, it should be noted that reliable measurements of indoor air quality and emissions from 
livestock buildings with inherently large spatial and temporal variations of pollutant concentrations are 
relatively difficult and expensive (Heber et al., 2006). An additional problem is the lack of research on 
PM sampling instruments in the specific environment of livestock facilities. As mentioned, the 
reference sampler for ambient air shows errors (Section 1.4). This technique is a filter based 
measurement, with a labour intensive weighing process. So there is a need for less expensive 
measuring methods and continuous sampling instruments. In recent years there is a trend in 
monitoring PM with more automated, continuous measurement devices like spectrometers. 
In previous research, sampling strategies for both indoor and emission measurements could vary 
greatly, mainly depending on the available time and measurement equipment. Large errors can arise 
when, for example, using data obtained during a short and uncharacteristic measurement period, and 
extrapolating it to annual values (Arogo et al., 2003).  
Measuring emissions is one important issue, but EF are directly influenced by the indoor air quality in 
the stables. Today, more than ever, exposure to different air contaminants and in particular PM is an 
important topic in relation to human and animal health. The exposure in livestock facilities is also 
receiving more attention from this perspective. Therefore it is also important to measure indoor 








Chapter 2. Research objectives and thesis outline 
 
2.1. Research objectives 
 
As mentioned in the problem statement (Section 1.5), today, different knowledge gaps on indoor air 
quality and emissions exist and improvements on current knowledge are required. Based on these, 
different objectives for this research were set up. Due to the importance of the pig fattening industry in 
Flanders and the lack of measurements of indoor air quality and EF, the research was focussed on pig 
fattening facilities. 
 
The general objective of this thesis was to set up a measuring strategy for indoor concentrations and 
emissions of PM, NH3 and GHG, and to measure their concentrations in pig fattening facilities and the 
related emissions. 
 
A detailed description of the objectives can be found in the respective chapters. The main objectives of 
this research were: 
 
 Comparison of different PM sampling instruments and their equivalence with the 
Reference sampler for ambient air (according to EU and Belgium regulations) in 
the specific environment of a pig fattening facility (Chapter 3, Section 3.1). 
 To investigate the temporal and spatial distribution of PM, NH3 and GHG in 
order to establish a reduced measuring strategy to measure indoor concentrations 
and emissions from pig fattening facilities (Chapter 3, Sections 3.2 and 3.3). 
 To measure the indoor concentrations of PM, NH3 and GHG in different pig 
fattening facilities and evaluate the respective emission factors with regard to 
similar researches in this field (Chapter 4). 
 To assess PM exposure levels for different operational tasks in fattening houses, 
both for farmer and veterinarian, and to estimate the time weighted average PM 





2.2. Thesis outline 
 
It is clear that there is a need for proper measurement strategies and adequate indoor concentrations 
and emission factors assessment.  
In general, indoor air quality monitoring and emission measurements of PM, NH3 and GHG (CO2, 
N2O, CH4) in mechanically ventilated pig fattening facilities were performed. Different PM fractions 
were sampled during this research, with the focus on PM10, PM2.5 and PM1 for indoor air quality 
measurements and emissions factors, and additional inhalable and respirable PM for exposure 
measurements. 
These measurements formed the basic dataset to investigate the two main subjects of this research: the 
first is to set up measuring methods and strategies (Chapter 3), the second handles about indoor air 
quality, establishing emission factors and exposure measurements (Chapters 4 and 5).  
In a first phase, the equivalence of different PM sampling instruments was investigated under the 
specific atmosphere of a pig fattening facility (Section 3.1). Furthermore, a reduced measuring 
strategy for indoor concentrations and emissions was established, based on the study of the spatial and 
temporal variations. Section 3.2 describes the results for PM, Sections 3.3 and 3.4 handle about the 
measured gases. 
In the second phase of the research, different fattening stables were measured to determine the indoor 
concentrations and emission factors of the different contaminants for pig fattening facilities, with the 
focus on conventional facilities (Chapter 4). Also specific personal measurements were performed to 
assess exposure of farmer and veterinary during different working tasks (Chapter 5).  
Figure 2.1 shows a schematic overview of the area of interest of this thesis, with an indication of the 
measured parameters and the specific subjects of interest. 





Fig. 2.1 Schematic overview of the area of interest of this thesis, with an indication of the measured parameters (red) 
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Airborne concentrations of particulate matter in indoor air in pig fattening facilities have an important 
impact on animal welfare, productivity, farmer’s health and the environment (CIGR, 1994; Lemay et 
al., 2002). Therefore, correct and precise PM concentration measurements are essential to detect levels 
which can pose a health risk for workers, or can have a negative impact on pig health and production. 
Moreover, accurate PM measuring methods are required to assess PM emissions and to compare 
results from different studies. 
The main challenge in sampling indoor PM concentrations in livestock facilities, and more specifically 
in pig confinement buildings, is the specific bi-modal particle size distribution, with a relatively high 
fraction of large particles compared to the ambient aerosols (Auvermann et al., 2006; Lee et al., 2008; 
Schneider et al., 2006). Also the composition of the PM composition in pig facilities differs 
significantly from PM in ambient air; it contains specific absorbed gasses originating from the stables, 
and also micro-organisms (Zhang, 2004; Pedersen et al., 2000).  
The sampling procedure for PM in ambient air is regulated in Europe by EN 12341 (1999) and EN 
14907 (2005) for PM10 and PM2.5, respectively. Currently, there is no normative frame for PM10 and 
PM2.5 measurements in indoor air. Indoor PM is usually sampled according to the inhalable, thoracic or 
respirable conventions, which do not fully comply with the PM10 or PM2.5 conventions for ambient air 
(ISO, 1995; Cambra-López et al., 2009). The procedure and sampling techniques for indoor 
concentration measurements are described in EN 481 (1993). This procedure focuses on the sampling 
of PM fractions which are relevant for the evaluation of air quality in a workplace environment within 
respect to occupational health. 
The aim of this research is to compare the performances of four different measuring instruments for 
PM10, PM2.5 and PM1 in a heavy PM loaded agricultural environment, in this case the indoor 
environment of a pig fattening facility. Correct and accurate measurements of these fractions are 
necessary to evaluate the indoor PM concentrations (e.g. to compare with levels in ambient air) or to 
determine emission rates. 
Although currently there is no standard for the measurement of PM1 in ambient or indoor air, the trend 
is to look at still finer PM fractions in relation to health effects. Therefore, this PM fraction was also 
included in this research. The effects of the sampled PM concentration, measurement duration, 
sampling period, ambient temperature and relative humidity on the different instrument performances 
were also investigated.  
As mentioned before, currently there is no European regulation for measuring or assessing the 
performance of instruments for PM10, PM2.5 nor PM1 in the indoor environment, therefore the 
procedure of the European standard to assess the performance of PM sampling with different sampling 
instruments in a workplace environment was used in this research (EN 13205, 2002). This standard 
Measuring strategies  
19 
 
comprises a recommended procedure for field comparison of sampling instruments. It describes a 
recommended method for establishing the equivalence of a candidate instrument and a reference 
sampler in a specific workplace and is intended for the user of the instruments. This recommended 
method offers a possible solution to the problem that most of the sampling instruments are designed, 
calibrated and compared by the manufacturer under laboratory conditions, although they are used in 
applications under very different atmospheric conditions and aerosol compositions (McMurry, 2000; 
Wang et al., 2005). Teikari et al. (2003) stated that the relationship between the performances of 
samplers and the criteria of interest are strongly dependent on the particle size distribution of the 
aerosol being sampled. Cambra-López et al. (2011b) established different PM compositions for 
different animal categories. They found different ratios between fine and coarse PM for pigs and 
poultry, respectively. So it is important to perform equipment equivalence or comparison tests under 
the specific aerosol conditions of interest and to limit the applicability of the test results accordingly. 
Few comparisons or equivalence tests have been performed in heavy PM loaded environments and 
even fewer in the specific indoor environment of pig confinement buildings. 
 
The overall objectives of this study are: 
 
 To compare results of measurements using different sampling instruments for PM10, PM2.5, 
and PM1 for a highly PM loaded agricultural aerosol, in this case the indoor environment of a 
pig fattening facility. 
 To test the equivalence according to EN 13205 (2002) of the different measuring instruments, 
for application in this specific environment. 
 To evaluate the different instrument performances in relation to influencing factors, such as 
PM concentration, measurement duration, indoor temperature and relative humidity.  














3.1.2. Materials and methods 
 
3.1.2.1.  Sampling instruments and measuring techniques 
Four different types of instruments were tested. An overview with technical data is shown in Table 
3.1.  
Derenda gravimetric sampler (Reference sampler) 
The Derenda gravimetric sampler (Ingenieurbüro Derenda, Stahnsdorf, Germany) complies with EN 
12341 (1999) and EN 14907 (2005) for the measurement of PM10 and PM2.5. This instrument aspirates 
air through PM size selective inlets (sampling head, see Figure 3.1). These devices use a vacuum 
pump to draw the PM loaded air into a sampling head. The PM is sorted by size in an upstream 
impactor with an impaction plate. The particulates are deposited on filter paper (Ingenieurbüro 
Derenda, manual instructions).  
Three types of sampling heads were used in this study, for PM10, PM2.5 and PM1 respectively. PM is 
collected on quartz fiber filters (Whatman QMA 47mm). The weighing protocol used in this research 
(EN 12341, 1999; EN 14907, 2005) specifies equilibration of the filters at 50±5% RH and 20±1°C for 
24 hours before weighing. Since RH in pig facilities tend to be high and different authors showed 
significant errors due to particle-bound water retention, the filters were dried before weighing using 
desiccators filled with silica gel for 48 hours in a room at 20±1°C. Weighing was performed in the 
same room and immediately after removing the samples from the desiccators. Blank filters were 
handled with an identical procedure as used for the PM loaded filters to control the weighing 
procedure. A weighing scale with readability range of 0.01 mg was used (CPA225D, Sartorius 
Technologies, Goettingen, Germany). 
 
 
Fig. 3.1. Schematic drawing of the particle stream flow in the sampling head. 
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Grimm spectrometer (Spectrometer) 
The Grimm Spectrometer (Grimm Aerosol Technik GmbH & Co. KG, Ainring, Germany ) is a 
portable aerosol sampler that measures airborne particles ranging from 0.25 μm to 32 μm with 31 
different size measuring channels. Particles in the aerosol are individually detected by scattered light 
photometry inside an optical measuring cell. Based on the calibration curve and certain algorithms, the 
measured number of particles of a certain size are converted into its mass (Peters, Ott and 
O’Shaughnessy, 2006).  Calibration of the instrument was provided by the supplier with Micro 
Dolomit at a mean mass value of 4050 µg m
-3
 (DR80 Basserman & Co, Mannheim, Germany). No 
correction factors were applied to the standard algorithms for this specific environment during these 
measurements. 
Two identical spectrometers were used. A continuous output with a one minute interval was provided. 
From these measurements average PM concentrations were calculated over the total sampling 
duration.  
Dekati PM10 Impactor (Impactor) 
The Dekati PM10 Impactor (Dekati Ltd., Tampere, Finland) is a three-stage cascade impactor with 
cutpoints at 10, 2.5 and 1 µm. This instrument is mainly used for stack emission measurements and is 
ISO 23210 (ISO, 2009) certified.  
The different PM fractions are collected simultaneously on different materials. In this research, PM at 
the 10 and 2.5 µm cutpoints was collected on greased aluminium foils (Dekati, CFG-225). PM1 was 
captured on quartz fibre filters (Whatman QMA 47mm). All filters have been handled according to the 
same weighing protocol as used for the Reference sampler.  
Beta-Dust Monitor (BAM) 
The Beta-Dust Monitor (Verewa Umwelt- und Prozessmesstechnik GmbH, Hamburg, Germany) uses 
the technique of beta radiation attenuation. The separation of the sampled PM is similar to the 
reference method, using three different sampling heads. After separation, a small beta radiation source 
is coupled with a detector which counts the transmitted beta particles through the PM loaded filter. 
The amount of absorption of the beta particles is a measure for the PM concentration. 
The Reference sampler and the Impactor were both manual sampling methods; the BAM and the 
Spectrometer were automated sampling techniques.  
All instruments were calibrated by the manufacturer prior to the start of the measurements and also  




Indicative air speed measurements at PM sampler level were performed using a thermal anemometer 
Testo 405, V1 (Testo AG, Lenzkirch, Germany). 
 












Derenda LVS 3.1 with 
sequential sampler PNS 16 
Gravimetric 
PM10 Not specified 
38.3 
EN 12341 
PM2.5 120 µg/m³ EN 14907 
PM1 - - 







Impactor Dekati PM10 Impactor Gravimetric 
PM10 
1000 µg m-³ 30 
ISO 23210 
PM2.5 ISO 23210 
PM1 - 




3.1.2.2. Sampling strategy  
All comparison tests were performed in a pig fattening stable at ILVO (Merelbeke, Belgium) during 
six different periods between 2009 and 2011. The stable was occupied with pigs of different ages. 
Sampling during different seasons offered the possibility to compare the instruments at different PM 
concentration levels. The instruments were placed side-by-side in an empty pen, surrounded by pens 
containing fattening pigs. The sampler inlets were placed within 1 m of each other in the horizontal 
plane and at the same height. The relative positions of the samplers were changed every sampling 
period to avoid positional bias. The influence of the sampling period, and the effect of the 
measurement duration were studied. According to the standards (EN 12341, 1999; EN 14907, 2005), 
sampling duration in ambient air should be over 24 hours. However, to investigate the effect of 
sampling duration on the impaction overload, the sampling duration was shortened to 3, 4 and 8 h. 
Additionally, 12 h sampling for PM2.5 and 24 h sampling for PM10 were added. An overview of the 
measurement durations per PM fraction is shown in Table 3.2. In view of related research efforts,  it 
should be noted that most of the comparison tests were performed between the Reference sampler and 
the Spectrometer (See Chapters 4 and 5). During sampling, the temperature and relative humidity were 
also monitored by additional sensors connected to the Reference sampler.   
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PM10 PM2.5 PM1 
1 (March 2009) 1,2,3 4 90 84  
2 (May 2009) 1,2,3 3 42   
 





3 (December 2009) 1,3,4 4 75   













1,2,3 8 30 18 45 
 
1,3 24 10   
6 (February 2011) 1,2,3,4,5 3 64 64 45* 
 
1,2,3,4,5 4 35 35 24* 
*except 1, 4 






3.1.2.3. Data analysis 
The comparison between two instruments was firstly based on the analysis of the linear relationship 
between their respective measuring results. Linear regression statistics and Pearson correlation 
coefficients (R) were calculated using Statistica (ver. 10, STATISTICA, StatSoft, OK, USA). Whilst 
comparing the two instruments, the average concentration ratio (ACR) was calculated. The ACR for 
two instruments was calculated as the average value of the ratios between the respective measured 
concentrations (x/y). Both R and ACR are the recommended parameters to compare PM10 and PM2.5 
sampling instruments with the Reference method in ambient air (EN 12341, 1999; EN 14907, 2005).  
The equivalence tests of the different PM samplers were based on the recommended procedure for 
field comparison of instruments in indoor environment according to EN 13205 (2001). This procedure 
provides the following calculations for each experiment: 
 The linear function y = f(x) between the logarithm of the measured concentrations of the 
candidate (x) and reference (y) instrument is computed (ver. 10, STATISTICA, StatSoft, OK, 
USA). 
 The linear function is used to correct the candidate instrument concentrations. 
 The ratio Ri is calculated as the ratio of the ith transformed candidate instrument concentration 
to the ith reference concentration (non transformed data). Data pairs with ratios Ri in excess of 




 The geometric standard deviation (GSDr) of the ratios Ri is calculated and evaluated. Two 
methods have an acceptable degree of equivalence if: 
– GSDr ≤1.3 for subsequent measurements at concentrations >0.5 LV; 
– GSDr ≤1.5 for subsequent measurements at concentrations ≤0.5 LV; 
where LV is the appropriate limit value applied to the substance being measured. As there was 
no limiting reference concentration in our research, the degree of equivalence was set to GSDr 
≤1.5. 
As suggested by EN 13205 (2001), a minimum of ten samples was considered enough for further 
conclusions. As also suggested by EN 13205 (2001), the GSDr values were calculated in two different 
manners: (1) based on all data over all the sampling periods, and  (2) calculated per sampling period 
and then averaged over all sampling periods. 
For PM2.5 and PM10, the effect of sampling duration, PM concentration level, temperature (T), and 
relative humidity (RH) was tested on the concentration ratio values (x/y) obtained by the tests with the 
Reference sampler (y) and the two Spectrometers (x1 and x2). With this respect, a multivariable linear 
mixed model was assessed based on backwards stepwise regression with sampling duration, PM 
concentration, T, and RH as potential independent factors, and the x/y ratios as dependent variables. 
This model was fitted with sampling period as random factor to correct for repeated measurements 
within sampling periods. Statistical analyses were performed using SAS (SAS 9.3, Cary, NC, USA). 
Significant differences were considered when p< 0.05. 
 
3.1.3. Results and discussion 
 
3.1.3.1. Overall PM concentration ranges and sampling conditions 
During the experiments, the measured PM10 concentrations as measured with the Reference sampler, 
ranged from 22 to 2288 µg m
-3
 over the different sampling periods. These concentrations are high 
compared to the average PM10 ambient air concentration in Flanders (Belgium), which was 29 µg m
-3
 
in 2010 (VMM, 2010). During the PM2,5 experiments, the Reference sampler measured concentrations 
between 53 and 1421 µg m
-3
. The average PM2.5 ambient air concentration in Flanders was 20 µg m
-3
 
in 2010 (VMM, 2010). During the PM1 experiments, the PM1 concentration ranged between 145 and 
357 µg m
-3
 as measured with the Reference sampler. No comparative results for PM1 in Flanders in 
ambient air were available. 
The minimum and maximum temperature over the different sampling periods were 10°C and 27°C, 
respectively. The relative humidity ranged from 31% to 80% during the experiments. The air velocity 
Measuring strategies  
25 
 
at sampling level varied over the different sampling campaigns between 0.2 m s
-1
 during the coldest 
period and 3.7 m s
-1
 during summer.  
 
3.1.3.2. Comparison of the different sampling instruments based on linear 
regression, Pearson correlation (R) and average concentration ratio value 
(ACR) 
Figures 3.2 to 3.4 show the measured concentrations of the Reference sampler versus the measured 
concentrations of the other sampling instruments for PM10, PM2.5 and PM1, respectively. Table 3.3 
shows the number of measurements (N), the average concentration ratios (ACR) and correlations (R) 
for the different instrument comparison tests for PM10, PM2.5 and PM1.  
Table 3.3 Different instrument comparison tests for PM10, PM2.5 and PM1 with number of measurements (N), Average 







x y N ACR R   N ACR R   N ACR R 
Spectrometer1 Reference 109 1.15 0.95
 a 
 
63 0.08 0.59 a 
 
15 0.04 0.03 
Spectrometer2 Reference 121 1.03 0.96
 a 
 
68 0.10 0.21 a 
 
15 0.04 0.04 
Spectrometer2 Impactor 21 1.39 0.89
 a 
 
19 0.46 0.05 
 
20 0.47 0.00 
Spectrometer2 Spectrometer1 111 0.90 0.96
 a 
 
57 0.99 1.00 a 
 
15 1.02 1.00a 
Spectrometer2 BAM 8 0.91 0.61
 a 
 
11 7.26 0.52 a 
    BAM Impactor 7 2.10 0.71 a 
 
9 0.10 0.12 
    BAM Reference 7 1.13 0.50 a 
 
9 2.50 0.61 a 
    Impactor Reference 9 0.65 0.83 a 
 
9 0.82 0.62 a 
    a Significant at p <0.05 
 
For PM10 all correlations between instruments were relatively high. High correlations were found (R 
0.95 and 0.96 with Spectrometer1 and Spectrometer2, respectively), especially between the Reference 
sampler and the Spectrometers, although overall slightly higher concentrations were measured with 
the Spectrometers (ACR >1). This was somewhat in contrast with preliminary results of Ircel-Celine 
(2010). For the PM10 and PM2.5 concentrations in ambient air, this study showed a slight 
underestimation with the Grimm Spectrometers compared to the Reference sampler. 
Furthermore, the correlation between the Reference sampler and the Impactor was high (0.83), but the 
Impactor measured on average 39% lower concentrations compared to the Reference sampler. The 
Dekati PM10 cascade impactor (Dekati Ltd., Tampere, Finland) was tested by Tiitta et al. (2001) 
according to the procedure of EN 12341 (1999) in ambient air and under laboratory conditions. The 
results showed equivalence of the instrument with the reference sampler in the range of 4 to 400 µg m
-
3




concentrations in ambient air for the impactor (model PM 10/4, Dekati Ltd.) compared to the reference 
method. 
The Reference sampler results had a relatively low, yet significant correlation with the BAM results. 
The x/y ratio was on average 1.13, but the linear relation showed a clear intercept at -163.7 µg m
-3
. 
Furthermore, significant correlations were found between the Spectrometer and the Impactor, the 
Spectrometer and the BAM, and between the BAM and the Impactor. A large deviation between the 
measured BAM concentrations and Impactor concentrations was found; on average the BAM 
measured concentrations twice as high as those obtained by the Impactor (ACR = 2.10). 
As for PM10, a significant correlation was found between the Reference sampler and the Spectrometers 
for PM2.5. According to the ACR however, the concentrations measured with the Reference sampler 
were on average more than ten times higher than those measured with the Spectrometers. A significant 
correlation (R = 0.62) and relatively high ACR (R = 0.82) were found between the Reference sampler 
and the Impactor. Also, the Reference sampler and the BAM had a significant correlation, but the 
respective measured concentrations showed a big difference which is reflected by the intercept value 
of the BAM values at 138.3 µg m
-3
. Furthermore, a significant correlation was found between the 
BAM and the Impactor, but the ACR was 0.10. No correlation was found between the Spectrometer 
and the Impactor, and between the Spectrometer and the BAM. 
Due to instrument failure (mainly related to power failure), not all instruments could be compared for 
PM1. For the measured concentrations, no correlations could be found between the different 
instruments for this PM fraction. The concentrations obtained by the Reference sampler were on 
average 25 times higher than those measured by the Spectrometers (ACR = 0.04). The Impactor 
measured concentrations more than twice as high as the Spectrometer. 
Generally, it was clear that a high correlation between the measurement results of two instruments, did 
not guarantee a good agreement between these results based on the ACR. This can be explained by the 
fact that, in contrary to linear regression equations (see Fig. 3.2 to 3.4), the ACR did not take the 
systematic deviation (bias) between two instruments into account.  
For all three PM fractions, significantly high correlations were found between the two Spectrometers 
used in this research. The highest concentration differences between the two Spectrometers were 
found for PM10 (10%).  
According to our research the Spectrometers and the Reference sampler are comparable instruments 
for PM10 measurements.  
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Spectrometer 1 = -5,20+1,28*x



























Fig. 3.2 Scatter plot of PM10 concentrations for different sampling instruments with respect to the Reference sampler 
values. Full lines: respective regression lines. Dotted line: 1:1 ratio. 
Spectrometer 1 = -5,25+0,10*x




























Fig. 3.3 Scatter plot of PM2.5 concentrations for different sampling instruments with respect to the Reference sampler 
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Fig. 3.4 Scatter plot of PM1 concentrations for different sampling instruments with respect to the Reference sampler 
values. Full lines: respective regression lines. Dotted line: 1:1 ratio. 
 
3.1.3.3. Equivalence of the different sampling instruments according to EN 13205 
Table 3.4 shows the number of results included in the equivalence tests and the GSDr values, for PM10, 
PM2.5 and PM1, respectively. Two different GSDr values are given. First, the GSDr were calculated 
with all data over all sampling periods. Since high concentration differences were measured over the 
different sampling periods, the GSDr were also recalculated as the average of the different GSDr 
values per sampling period (GSDrp), as recommended by EN 13205 (2002). 
For PM10, both the tests between the Reference sampler and the Spectrometer, and between the 
Spectrometer and the Impactor, passed the equivalence criterion of GSDr ≤1.5. If GSDr is calculated 
per sampling period and averaged, both Spectrometers (1 and 2), also passed the more strict criterion 
for equivalence with the Reference (GSDrp ≤1.3). Although the Spectrometer and the Impactor were 
considered equivalent for PM10 concentration measurements, their relation with respect to the 
concentration showed relatively large deviations (see Table 3.3, ACR = 1.39).  
PM10 equivalence tests were also performed between the Reference sampler and the Impactor and 
BAM, and also between the Spectrometer and BAM. However, these tests resulted in insufficient data 
(N<10) for evaluation according to EN 13205 (2002). 
For PM2.5, no equivalence could be found between the instruments, apart for the two spectrometers. 
This was also concluded from the obtained concentration ratios and correlations between instruments 
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(see Section 3.1.4.2). Due to insufficient data, the equivalence tests between BAM-Spectrometer, 
BAM-Reference and Impactor-Reference, were not retained. 
The Reference sampler and the Spectrometers proved to be equivalent for PM1 (GSDr = 1.34 and 1.33 
for Spectrometer1 and Spectrometer2 respectively). This is somewhat contradictory to the conclusions 
of Section 3.1.4.2, where no correlation was found between these instruments. This showed that the 
equivalence procedure according to EN 13205 (2002) should be used carefully and other parameters 
like R and ACR should be used for evaluation. It must also be noted that these conclusions are based 
on relatively few results, but sufficient according to EN 13205 (2002). Furthermore, no equivalence 
was found between the Spectrometer and the Impactor for PM1. 
 
Table 3.4 Number of equivalence testes (N), GSDr over the whole dataset and GSDr per sampling period (GSDrp) for 






x y N GSDr GSDrp 
 
N GSDr GSDrp  
N GSDr GSDrp 
Spectrometer1 Reference 109 1.37
 b 1.21 b 
 
63 2.95 2.92 
 
15 1.34 b -c 
Spectrometer2 Reference 121 1.35
 b 1.30 b 
 
68 3.02 2.91 
 
15 1.33 b -c 
Spectrometer2 Impactor 21 1.32
 b 1.39 b 
 
19 3.90 3.47 
 
20 2.91 2.07 
Spectrometer2 Spectrometer1 111 1.44
 b 1.37 b 
 
57 1.03 b 1.02 b 
 
15 1.02 b -c 
BAM Impactor 
   
 
11 2.72 1.62 
    
a Significant at p =0.05 
 
3.1.3.4. Effect of PM concentration level, measuring period, T, RH, and sampling 
duration on the instrument performances 
Figure 3.5 and 3.6 show concentration ratios for the Spectrometers (x) and the Reference sampler (y), 
with respect to the measured Spectrometer concentrations for PM10 and PM2.5, respectively. In view of 
the limitations of the Reference technique with possible overload for PM2.5, the Spectrometer 
concentrations were chosen for the x-axis values in these figures. 
For PM10 it could be observed that the concentration ratios increased for increasing PM 
concentrations. Furthermore, based on the linear mixed model, the x/y ratio was significantly 
influenced by the measured concentration with the spectrometers and the measurement duration (see 
Table 3.5). More specifically, there were no significant differences between the measurement 
durations of 3 and 4 hours, but significant differences were found between all other measurement 
durations. According to Buser et al. (2001) the suggested maximum PM10 concentration that can be 
measured correctly in agricultural environments by the Reference sampler is 515 µg m
-3
. At this PM 
concentration level, we could observe an average x/y ratio of 1.1 (Fig. 3.5). The x/y ratio further 




Spectrometers, possibly due to an overload of the protective filter system, which caused a re-entering 
of the PM particles in the measuring system. 
For PM2.5 it could be observed that the concentration ratios decreased logarithmically for increasing 
PM concentrations. Furthermore, the x/y ratio was significantly influenced by the concentration 
measured by the Spectrometer, but not by the measurement duration. Probably the measurement 
duration was not significant in the model due to the fact that overload already occurred after a very 
short sampling period, as was shown by Zhao et al. (2009) and as can also be seen from Figure 3.6. 
Only in the very low concentration range, the x/y ratio is close to 1.0. For PM2.5, Buser et al. suggested 
a maximum concentration range of up to 11.9 µg m
-3
 for measurements with the reference sampler in 
agricultural environments. However, such a concentration range is not really representative for 
fattening stables as higher concentration levels are inherent in these facilities. As mentioned, low 
concentrations can be obtained at the beginning of the fattening period, after profound cleaning of the 
stable.  
Also the effects of temperature and relative humidity were tested using the linear mixed model. Only 
the x/y ratio of PM10 increased significantly with decreasing RH (p = 0.001). 
 
Table 3.5  Significance of the influencing parameters on the x/y ratio of the Spectrometers (x) and the Reference 
sampler (y)  
 
Significance (p-value) 
Influencing parameter PM10 PM2.5 


















Fig. 3.5 PM10 concentration ratios (x/y) of the Spectrometers  (x1 = Spectrometer 1, x2 = Spectrometer 2) and the 




Fig. 3.6 PM2.5 concentration ratios (x/y) of the Spectrometers  (x1 = Spectrometer 1, x2 = Spectrometer 2) and the 



















































3.1.3.5. Evaluation of the PM fraction separation technique based on impaction 
When comparing the Spectrometer results with those from the instruments with a PM separation 
technique based on impaction (Reference Sampler, BAM and Impactor), it was observed in the 
comparison tests (see Section 3.1.4.2) generally lower PM10 concentrations were obtained by these 
latter instruments (3 to 39% according to the ACR values). In contrast, for PM1 and PM2.5, the 
impaction techniques measured concentrations up to 25 times higher than those from Spectrometers. 
Also the equivalence tests (see Section 3.1.4.3) confirmed this for PM10 and PM2.5. 
From the analysis of the PM10 concentration ratios of the Reference sampler and the Spectrometers 
(Section 3.1.4.4), it could be concluded that not only measurement duration had a significant effect on 
the measurement, but also the PM concentration level. For the PM2.5 ratio, the measurement duration 
was not significant. 
For PM2.5, the large concentration differences between the results from the impaction technique and 
those from the Spectrometers could be due to an overload of the impaction plates. When overload 
occurs, large particles of no interest tend to bounce off the impaction plate and thus enter the flow 
stream which leads to the filter. This phenomenon results in a significant overestimation of the real 
PM concentration (Vincent, 2007; Buser et al., 2001). Zhao et al. (2009) found a significant 
overloading effect of the impaction plate for PM2.5 in livestock houses. No such effect was observed 
for PM10. Coating of the impaction surface with oil or grease can reduce particle bouncing, but this 
also becomes ineffective when heavily loaded (Reischl and John, 1978; Zhao et al., 2009). A possible 
solution for this phenomenon could be the use of a pre-separator, which can separate the larger 
fraction before PM enters the size selective sampling head, as suggested by Zhao et al. (2009). 
However, the introduction of extra sampling devices could also lead to other important sampling 


















Airborne particulate matter (PM) was sampled with different instruments and measuring techniques in 
a pig fattening facility. 
In most cases comparable results in PM10 concentrations were found between the different 
instruments. Furthermore, for this PM fraction, equivalence according to EN 13205 (2002) was proven 
for the spectrometers. For PM2.5, the measured concentrations were less comparable between the 
instruments, and no equivalence could be shown. Although no correlations were found between the 
Reference sampler and the Spectrometers for PM1, the equivalence test according to EN 13205 (2002) 
showed equivalence for these instruments.  
The equivalence method (EN 13205, 2002) offered the possibility to compare different PM sampling 
instruments in the field, under the specific aerosol conditions in a fattening stable. Still, caution should 
be made when applying this method, as could be observed for PM1 where no correlation was found 
between instruments, yet the instruments were approved equivalent according to EN 13205 (2002). 
From the analysis of the influencing parameters, it was shown that the total load of the impaction 
plate, as a combination of the airborn PM concentration and the sampling duration, is important  for 
correct PM sampling with the Reference sampler in pig fattening facilities. This phenomenon could 
explain why the Spectrometer results for PM10 show overall a good agreement with the results 
obtained by the impaction separation techniques, while for PM1 and PM2.5 the impaction techniques 
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3.2.  Measuring strategy for indoor PM 















Typical indoor concentrations and emission rates of particulate matter at 
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As mentioned in the introduction, pig husbandry is an important economic activity in Flanders Mainly 
due to environmental restraints (e.g., NEC directive), some important changes in farm management 
have been introduced. In 2004, the Flemish government imposed a major change by requiring that new 
exploitations or renovations use low-ammonia-emission housing systems. This regulation confronted 
the farmers with new animal housing types and new techniques that not only affected emissions but 
also indoor air quality. An important parameter in this regard is particulate matter (PM). 
According to the European Environment Agency (2008), particulate matter is a collective name for 
fine solid or liquid particles added to the atmosphere by processes at the earth's surface. PM10, PM2.5 
and PM1 can be defined as particulate matter which passes through a size-selective inlet with a 50% 
efficiency cut-off at 10, 2.5 or 1 µm aerodynamic diameter, respectively (European Council, 1999)  
According to Cambra-López (2011a) feed and particles from ambient air have an average diameter 
between 2 and 3 µm, manure particles have an average diameter between 4 and 5.5 µm and hair and 
skin have the largest average diameter between 10.8 and 18.1 µm. Electrostatic attraction of particles 
and attachment of viruses and bacteria can cause agglomeration of PM particles (Dyment, 1976; 
Harry, 1978). Manure is the predominant component in the fine PM2.5 range (88.8%) and in the range 
PM10-PM2.5 (71%) (Cambra-López, 2011b). 
 
Knowledge of spatial and temporal distribution of the PM concentrations is necessary to detect 
extreme PM values in the animal house, to optimise ventilation strategies, to design and evaluate 
efficient PM reduction techniques, and to adequately estimate the impact on human and animal health. 
Consequently, continuous sampling during the whole fattening period at different locations in the 
rearing facility and at different heights is advisable. However, such sampling is not achievable in 
practice due to the high work load, high costs and difficulties associated with sampling in livestock 
facilities (building design and the inquisitive nature of pigs). Therefore, most researchers reduce the 
sampling period to a restricted number of days (Aarnink et al., 2004; Gustafsson, 1999; Haeussermann 
et al., 2008; Hofschreuder et al., 2008; Kim et al., 2005; Phillips et al., 2002; Schneider et al., 2006; 
Wathes et al., 1998). This strategy can be problematic if the sampling days and sampling places are 
chosen ‘ad random’ and not based on an overall assessment of the temporal and spatial variations. 
Hofschreuder et al. (2008) suggested six sampling days, each randomly selected in different 
subsequent periods of two months, to determine the emission factor from a livestock facility. The goal 
was to consider the variation within each day and between days during the span of a whole year. A 
multinational project, reported by Wathes et al. (1998), carried out sampling over 24 h during one 
week in the summer and one week in wintertime.  
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Due to difficulties associated with sampling in livestock facilities, most sampling is performed 
between 1.2 to 1.7 m height and at one or two different locations (Aarnink et al., 2004; Gustafsson, 
1999; Haeussermann et al., 2008; Kim et al., 2005; Phillips et al., 2002; Schneider et al., 2006). 
Therefore, it could be questioned if the PM concentrations measured in these studies can be used to 
deduct more general characteristics like the quantification of emission factors. Furthermore, since 
different researchers use different sampling strategies, it is very difficult to compare the respective 
results. Therefore, one can see the need for more uniformity in the selection and development of 
efficient and representative sampling strategies for the determination of typical PM concentrations in 
pig fattening facilities. To do so, the spatial and temporal variation patterns of these concentrations 
must be known in detail. 
To date, no typical spatial PM concentration pattern has been established for mechanically ventilated 
pig rearing facilities. Depending on the fraction, the PM concentration at a certain point in the 
livestock building varies with ventilation pattern (Kim et al., 2008b; Maghirang et al., 1997). Kuehn 
(1988) reported that PM with a diameter larger than 1 µm does not follow the same pattern as that of 
the air flow, causing different spatial gradients in PM concentrations. Takai et al. (1998) found similar 
results for PM larger than 5 µm. In contrast with the ventilation pattern, the ventilation rate does not 
systematically affect the spatial PM distribution (Maghirang et al., 2001; Wang et al., 2002). Also the 
distance to the PM sources and animal activity can cause spatial differences in PM concentrations 
(Costa et al., 2009; Maghirang et al., 2001). Jerez et al. (2010) found significant differences in spatial 
distribution during summer, but not so much during the winter due to ventilation, indicating a seasonal 
effect on the spatial distribution of PM. 
Research conducted by Koziel et al. (2004) showed two daily PM concentration peaks in a 
mechanically ventilated fattening facility: one in the morning and one in the late afternoon. Other 
authors found similar results (Pedersen and Takai, 1999; Costa et al., 2006; Kim et al., 2005; 
O’Shaughnessy et al., 2002; Zeitlerfeicht et al., 1991). Costa et al. (2006) and Zeitlerfeicht et al. 
(1991) linked this pattern with animal activity and feeding times. Large differences in PM 
concentrations are not only observed during daytime; concentrations can be 70% higher during the day 
than at night (Wang et al., 2002; Zeitlerfeicht et al., 1991). During a single fattening period, the PM 
concentrations in a pig growing facility are mainly determined by the number and the age of the 
animals, animal activity, the ventilation rate, indoor temperature and relative humidity and feeding 
type (Gustafsson, 1999; Kim et al., 2005; Nannen and Büscher, 2006; Puma and Maghirang, 2000). 
Keck et al. (2004) and Yan et al. (2011) found a significant increase of PM10 with increasing animal 
growth. Nonnenman et al. (1999) observed a strong linear relationship between the total weight of the 
pigs and the PM concentration. Also seasonal variation significantly affects the PM concentration and 




al., 2009). Koziel et al (2004) found significant lower indoor PM10 concentrations in summer than in 
winter (reduced to a third), but slightly higher emissions. 
The objective of this study was to derive temporal and spatial variations of indoor concentrations and 
emission rates of PM and to propose a measuring strategy for pig fattening facilities. This measuring 
strategy is critical for further research to assess emission factors of various fattening facilities and to 
evaluate the impact of PM concentrations on human and animal health. The main focus of this study 
was on three PM fractions: PM1, PM2.5 and PM10. 
 
3.2.2. Material and methods 
 
3.2.2.1. Measuring equipment 
Particulate matter was sampled using two Grimm 1.109 spectrometers (Grimm Aerosol Technik 
GmbH & Co. KG, Ainring, Germany). This direct-reading portable PM monitor works on the 
principle of scattered light beams to count the number of particles for 32 different size fractions. The 
counts are converted into PM mass density according to general algorithms provided by the 
manufacturer. A correction factor specific for the PM under investigation was not applied. This 
measuring technique was selected because of some important advantages. The instrument provides a 
continuous data output with a measurement interval of one minute for each of 32 channels that 
measure a particle size ranging from 0.25 µm to 32 µm. PM emission sampling was done using an 
isokinetic sensor mounted in the ventilation shaft and connected to the spectrometers. Calibration of 
the instrument was provided by the supplier with Micro Dolomit (DR80 Basserman & Co, Mannheim, 
Germany). Prior to the actual experiments, an introductory test was conducted at facilities of The 
Institute for Agricultural and Fisheries Research (ILVO), Belgium. The two PM sampling instruments 
were placed side-by-side in a pig fattening facility for several days. This experiment showed average 
relative differences (and standard deviation) between the two spectrometers of 1(10)%, 3(12)% and 
13(25)% for PM1, PM2.5 and PM10, respectively. These differences were calculated on the basis of one 
minute interval data and they were taken into consideration in the evaluation of the spatial and 
temporal distribution results. 
Ventilation rate and temperature were monitored with a ventilation fan calibrated by the producer 
(type FMS 56, Fancom, Panningen, Netherlands). Table 3.6 gives an overview of all measured 
parameters with measuring accuracy as described by the manufacturer, interval and range. 
Table 3.6  Overview of measured parameters with measuring accuracy as described by the manufacturer, 
interval and range. 
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Parameter Accuracy Interval Range 
Particulate Matter (PM) 0.1 µg m-³ 1 minute 1-100 000 µg m-³ 
Temperature 0.1 °C 3 minutes 0.1-99°C 
Ventilation rate 1 m³ h-1 3 minutes 425-13 500 m³ h-1 
 
3.2.2.2. Measuring Locations and Periods 
The rearing facility used in this study was a conventional housing system (described as the reference 
in the Bref document (European Commission, 2003) for fatteners with a fully slatted floor. One 





 2009. The building consists of seven compartments (floor plan in Fig. 3.7). Each 
compartment has a capacity of 104 pigs, divided over two times four pens separated by a central alley. 
Manure is stored in deep pits (1.3 m) below the concrete slatted floor of the animal pens. Fresh air 
enters the facility under the slatted floor in the central alley (channel ventilation) and is extracted via 
an exhaust ventilator (diameter 0.56 m). The ventilation rate is temperature controlled. There was no 
artificial lighting in the building; two windows at the end of the compartment provide natural daylight. 
The pigs were fed with phased feeding of unpelleted dry meal ad libitum. In the troughs dry meal was 
mixed with water. The troughs, which were not covered at the top, were filled automatically in the 
morning and in the evening using a feed hopper. The filling time was registered by the farmer.  
 
Fig. 3.7 Three dimensional floor plan of the livestock building with the measured compartment enlarged and 






3.2.2.3. Measuring strategy 
The PM sampling instruments were placed in self constructed iron cages attached to the slatted floor in 
the middle of the pens (Fig. 3.8). The dimensions of the cages were 1.4 x 0.8 x 0.6 m. A rotation plan 
was established to detect concentration variations in location and time. Overall, sampling was 
performed at three different heights: animal (0.8 m), human (1.6 m) and ventilation exhaust height (2.4 
m), and  in six different pens (pen L1, R1, L2, R2, L4, R4; Fig. 3.7). Sampling at human and ventilation 
exhaust height is shown in Fig. 4.1. Sampling at different heights was carried out using different 
mounting positions of the instrument in the cage or above the cage (2.4 m), keeping the length of the 
sampling tube constant. During each experiment, two different locations were sampled simultaneously 
with the two spectrometers. This allowed a precise determination of PM concentration variations 
depending on the location in the stable (left vs. right side, back or front, different heights). On average, 
the different locations were sampled every two weeks. 
 
Fig. 3.8 Sampling cage for the Grimm spectrometer with sampling at human level. 
 
3.2.2.4. Data analysis and statistics 
Prior to statistical analysis, all data was explored for erratic values. Some data was missing due to 
instrument maintenance or failure, or interference with the sampling due to entrance to the barn for 
experimental reasons (e.g., movement of the instruments). When moving the instruments, data 
collected during the first hour following movement were excluded from the dataset. The total number 
of measurements over the whole fattening period per parameter is shown in Table 3.7. 
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Table 3.7  Total number of measurements per parameter over the whole fattening period. 
Parameter Number of measurements 
Particulate Matter (sum of both instruments) 242 69 
Temperature 44 010 
Ventilation rate 44 511 
 
Normality of the data was tested with the Kolmogorov-Smirnov test using SPSS 17.0 (SPSS Inc., 
Chicago, Il, USA). Data that did not follow a normal distribution (p < 0.05) was transformed 
(logarithmic transformation) prior to further statistical analysis. To evaluate the proportion of variance 
occurring at the different levels of the data hierarchy, a null model (intercept + day number (1 to 120 
days), time of the day (0 to 24 h) forced into the model) was fit with location (L1 0.8, L1 1.6, L1 2.4, R1 
0.8, R1 1.6, R1 2.4, L2 0.8, L2 1.6, L2 2.4, R2 0.8, R2 1.6, R2 2.4, L4 0.8, L4 1.6, L4 2.4, R4 0.8, R4 1.6, R4 
2.4), with sampling day and hour as random effects using MLwiN 2.19 (Centre for Multilevel 
Modeling, Bristol, UK). Univariable associations were tested between the continuous, dependent 
variables (PM1, PM2.5 and PM10) and all independent variables at location level (left/right location (L-
R), location number (1-2-4), distance to the door (location number 1 versus location numbers 2 and 4) 
and height (0.8, 1.6 and 2.4 m). Significant differences in this step were assessed at p < 0.05. As none 
of the independent variables were significant, no multivariable models were fit.  
Next, differences in time (day and time of the day) were analysed by means of repeated measures 
analysis followed by a Bonferroni post-hoc procedure using SPSS 17.0. Statistical significance was 
considered when p < 0.05 (two-sided test). 
 
3.2.3. Results and discussion 
 
3.2.3.1. Environmental parameters 
The number of pigs at the beginning of the fattening period was 104. During the measurement period, 
one pig died. The remaining pigs started the fattening period with a mean weight of 24.0 kg and had 
an average weight of 114.2 kg leaving the barn. The daily mean indoor temperature varied from 
16.1°C to 32.5°C. Mean indoor and outdoor temperatures were 23.7°C and 18.8°C, respectively. The 













. Results for the indoor PM and emission values during the fattening period are presented 
in Table 3.8. It should be noticed that the emission rates are based on data from one fattening period of 
120 days and that no correction is made for PM concentrations of the incoming air. The emission rates 
are slightly higher to those obtained in a recent extended study in the Netherlands by Mosquera et al. 




Table 3.8 Indoor concentrations and emission rates for the three PM fractions during the fattening period. 
 
Indoor concentration (µg m-³) 
 
Emission rate (g yr-1 a-1) 
  PM1 PM2.5 PM10 
 
PM1 PM2.5 PM10 
Mean  11 33 617 
 
2.4 9.5 170 
Std. Deviation 7 19 433 
 
1.2 4.6 96 
Minimum  2 6 35 
 
0.38 1.2 11 
Maximum  30 71 1 487 
 
12 23 451 
 
3.2.3.2. Particle Size Distribution 
The spectrometers measured the PM concentrations of 32 different PM fractions. The particle size 
distribution (PSD) can be represented as the ratio between the aerosol mass and the aerosol size 
(average particle diameter per PM class in this case). The PSD for the overall data (average of the two 
sampling instruments) and for three specific sampling weeks at the beginning, middle and end of the 
fattening period is given in Figure 3.9. The graph shows three peaks which are indicated with an 
arrow: one peak in the very small particle range (< 0.5 µm) and two other peaks around 5 and 10 µm.  
The peak around 5 µm is probably linked to manure sources, while the peak around 10 µm is typically 
that for hair and skin (Cambra-López, 2011a,b). Figure 3.9 also shows that the particle size 
distribution changes during the fattening period. At the beginning of the fattening period, there was a 
relatively larger proportion of small particles, while at the end there was a clear peak around the 
concentration with a diameter of 5 µm. The high concentrations in the small PM range at the 
beginning of the fattening period can be attributed to the fine grained piglet feed. The higher 
concentrations around 5 µm at the end of the fattening period can be attributed to the contamination of 
the surface with manure. 




Fig. 3.9 Particle size distribution (PSD) of the aerosol in the fattening facility for the entire sampling 
period and for three selected weeks at the beginning, middle and end of the fattening period. Arrows 
indicate peak values. 
 
3.2.3.3. Spatial and temporal distribution 
From the null model (Table 3.9), it can be concluded that the variation due to location was limited 
compared to those at day and hour level for the three dust fractions. The variation in the PM 
concentrations mainly occurred at day level for PM1 and at the hour level for PM2.5 and PM10, 
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Table 3.9 Variance components at each level of the null model for PM1, PM2.5 and PM10 during the whole 
fattening period. 
 
Data hierarchy Variance components 
Dataset   Var.est.1 ± SE2 %³ 
PM1 Location 3.1 ± 5.3 6.2 
 
Day 32.0 ± 6.7 64.7 
 
Hour 14.4 ± 2.8 29.1 
 
Total variance 49.5 100 
PM2.5 Location 7.8 ± 4.7 4.0 
 
Day 61.7 ± 6.7 31.5 
 
Hour 116.4 ± 2.8 64.5 
 
Total variance 195.9 
 
PM10 Location 14453 ± 7157 11.8 
 
Day 37527 ± 4067 30.5 
 
Hour 70855 ± 1560 57.7 
Total variance 122835 
 
1Variance estimate. 2Standard deviation of the variance estimate of the parameter. 3Variance proportion explained at the 
different levels.  
 
3.2.3.4. Spatial distribution of indoor PM concentrations 
When the day number (exact day in fattening period) and time of day (exact hour of that day in the 
fattening period) are taken into account (forced in the null model), none of the proposed independent 
variables were significant in the univariable tests (p < 0.05). No specific relation was found between 
the measured PM concentration on a particular day and hour during the fattening period, and the 
measuring location (left or the right in the stable, at different heights, near or far from the door). 
Consequently, at least in this stable with this ventilation pattern, accounting for these parameters does 
not reduce the variability due to location. However, occasionally high relative differences between two 
locations in the compartment can occur, especially for PM10. This is probably due to differences in 
animal activity and the related dust release in the compartments. Very high correlation coefficients are 
found between PM concentrations for all locations. For PM1, all coefficients of determination (R) were 
larger than 0.80; for PM2.5 and PM10 99% and 50% of the locations have a correlation coefficient 




Measuring strategies  
45 
 
3.2.3.5. Temporal distribution of indoor PM concentrations 
Determination of day-to-day and hour-to-hour differences requires at least one measurement for each 
day, and each hour within that day. Due to the experimental protocol, whereby the PM monitors 
moved to several locations during the whole fattening period, all necessary measurements were 
available but not necessarily obtained in exactly the same location. However, the null model indicated 
that the variation in PM concentration due to location was limited compared to the variation in time. 
Therefore, the variation in location can be neglected for the analysis of time differences (both day-to-
day and hour-to-hour; see section below). In addition, the correlations were high between two 
measurements of different PM monitors at the same time (day and hour) (see Section 3.2.2). For these 
reasons, dust concentrations of the two sampled locations were averaged.  
a. Diurnal variation of indoor PM concentrations and emission rates 
Significant differences over time were observed for all three PM fractions (p < 0.001). Within one day, 
a number of statistically different periods can be distinguished depending on the fraction (Fig. 3.10). 
Most periods overlap. For PM10, up to 5 different PM concentration levels (letter codes in Fig. 3.10) 
can be distinguished during the day; for PM2.5 and PM1, 4 and 3 levels, respectively. When observing 
only the highest (code ‘a’) and lowest (code ‘e’ for PM10, code ‘d’ forPM2.5 and code ‘c’ for PM1) 
levels, two peak periods and two periods with low PM concentrations emerge (Fig. 3.10).  
 
Fig. 3.10 Average daily concentrations for PM1, PM2.5 and PM10, classified according to significant differences (p < 
0.05) between hours within one dust fraction (indicated with different letter codes). 
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Figure 3.11 is an example of the daily pattern for PM2.5 at one minute intervals on a randomly selected 
day (day 81). The hourly average concentrations for all measurement days and the filling moments of 
the troughs are also indicated. The PM concentrations on day 81 were mostly higher than the average 
concentration of the fattening period (33 ± 19 µg m
-3
; Table 3.2). The figure shows that the filling of 
the troughs increases the PM concentration within the next minute. When observing the effect of the 
filling of the troughs with the minute interval data for PM1 and PM10 as well, we see an increase in PM 
concentration for the three fractions. The filling of the troughs was not the direct cause of the observed 
daily pattern because the same pattern was also seen on days where feeding only happened only once a 
day. As the compartment was provided with natural daylight, the concentration peak in the morning 
was mostly related to the time of sunrise. It was also seen (by visual observation) that the daily pattern 
became more apparent as the fattening period progressed.  
 
 
Fig. 3.11 PM2.5 concentrations (minute values and hourly averages) for day 81 with indication of the filling times of the 
troughs (vertical lines). 
b. Daily distribution during one fattening period 
As already indicated before, the variation in location can be neglected for the analysis of day-to-day 
differences. Therefore, measurements taken at different locations can be pooled over the whole 
fattening period for each PM fraction. For PM2.5, this is shown in Figure 3.12 where the average, 
minimum and maximum concentrations are given for each measurement day. It can be seen that 





















PM2.5 (Day 81 -  minute interval) Mean PM2.5 (all data - hourly average)
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also observed for PM1, but not for PM10. This is probably due to the feeding type. During the first ten 
days, the pigs received finer-ground piglet feed, which is likely to contain more smaller PM fractions. 
The occurrence of relatively higher amounts of smaller PM fractions in the first week of the fattening 
period was also seen in the PSD (see Section 3.2.3.2). After this initial period concentrations dropped 
again, probably due to change of feed type, and then generally increased in time for all three fractions 
to reach a maximum around day 94. Towards the end of the fattening period, PM concentrations 
decreased slightly. This was especially observed at animal height and is probably due to less animal 
activity, as this phenomenon is most clear for the larger PM10 fraction which is mainly of animal or 
animal related origin (Cambra-López, 2011b). 
 
Fig. 3.12 Evolution of the daily mean, minimum and maximum concentration during the whole fattening period for 
PM2.5. 
Overall, significant differences over the whole fattening period are observed for all three PM fractions 
(p < 0.01). For each observed PM fraction, a limited number of statistically different periods can be 
distinguished (Figure 3.13). For PM1 and PM2.5, up to four such different periods can be observed in 
the fattening period, but for PM10 there are only three such periods. 
Occasionally, even the concentrations of two consecutive days in such a period can differ 
significantly, but these short-term differences could not be explained by the measured environmental 
parameters. The conclusion that consecutive days did not significantly differ can only be made if the 











































Fig. 3.13 Blocks indicating periods with no significant concentration differences for PM1, PM2.5 and PM10. 
 
3.2.3.6. Proposed measuring strategy 
Based on the temporal distribution and performed variation analysis of PM concentrations, a 
measuring strategy for fatteners was developed whereby the total sampling time is significantly 
shortened without loss of important information on indoor PM concentrations and emission rates. The 
proposed measuring strategy consists of a number of different measuring periods which are defined so 
that each fraction is measured according to its statistically relevant periods (Fig. 3.13). To include all 
three PM fractions of interest, a minimum of four measuring periods is necessary for the 
characterisation of a fattening period of 120 days. For human or animal health impact evaluation, it is 
suggested to introduce an extra measuring period between day 93 and 103 to include the expected 
maximum concentrations. To make sure that a single measuring day is not an outlier, the measuring 
strategy provides in at least two consecutive measuring days in each of the proposed measuring 
periods. Taking all these considerations into account, the defined measuring periods of the measuring 
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Table 3.10 Proposed measuring periods for the characterization of different PM fractions (PM1, PM2.5, 
PM10) during one fattening period. 
Measuring period 
Days of the fattening period 
(total 120 days) 
Consecutive days of 
sampling 
1 1 - 9 2 
2 29 - 41 2 
3 57 - 66 2 
4 93 - 103 2 
5 100 - 120 2 
 
This measuring strategy enables tracking of the evolution of PM concentrations over the entire 
fattening period. A certain point of interest can be chosen as the sampling location, since all locations 
are highly correlated, but due to the low impact of location on the concentration variance, this is less 
important compared to sampling hour and day in the fattening period. Also the sampling height can be 
taken at either animal or human level, depending on the subject of interest. The high correlation 
coefficients between different locations in the barn (0.97, 0.99 and 0.69 for PM1, PM2.5 and PM10, 
respectively) allow good prediction of concentrations on various locations and heights. For regulatory 
reasons however, e.g. determination of emission factors, it is advisable to sample PM emission rates 
separately from indoor concentrations near or in the ventilation shaft. For such goals and in order to 
make year-based evaluations, the described measurement strategy must be performed during at least 
two consecutive fattening periods since there is a significant seasonal effect on PM concentrations in 
the barn (Koziel et al, 2004; Jerez et al., 2010). Finally, it is interesting to note that when using a 
continuous PM sampling technique it is not necessary to sample continuously during the whole day. 
Sampling every hour in the period from 7 a.m. to 1 p.m. allows the complete daily pattern to be 
reconstructed for the three PM fractions. 
Concerning fattening facility and duration, this case study was performed under typical conditions for 
intensive pig rearing in Europe. The identified periods with no significant concentration difference 
showed to be relatively extended (for PM10 > 30 days). Therefore, the proposed measuring strategy is 
expected to be widely applicable. Especially since the statistically necessary measuring days are 







3.2.4.  Conclusion 
 
This study provided a detailed mapping of indoor PM concentrations and emission rates that can occur 
in a typical housing system for fattening pigs.  
Sampling position (19 locations) within the compartment showed a significant effect on PM 
concentration, but this was small compared to the effect of the daily variations and the variation over 
the whole fattening period. The contribution of location to the variance of indoor PM concentrations 
was 6, 4 and 12% for PM1, PM2.5 and PM10, respectively. The effect of daily variation contributed 29, 
65 and 58% to the concentration variance, while the effect of variation over the fattening period was 
65, 31 and 31% for PM1, PM2.5 and PM10, respectively. Based on these conclusions, a measuring 
strategy for pig fattening facilities is proposed. For one fattening period, the strategy consists of 4 
specific sampling periods of 48 hours. This measuring strategy offers the possibility to shorten the 
total sampling time significantly and to reduce the number of measurements without loss of important 
PM concentration characteristics (e.g., daily peak concentrations and emission factors). This strategy 
also allows a reconstruction of the evolution of PM concentrations over the entire fattening period. 
 
Measuring strategies  
51 
 
3.3. Measuring strategy for indoor gas 
concentrations and emission rates 
 
This chapter is divided into two parts. The first covers the spatial variations of ammonia and GHG in a 
pig fattening facility in order to determine adequate measuring locations. In the second part, the 












































A/ Spatial variation of ammonia and greenhouse gas concentrations 
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Pig fattening stables are important sources of different gas pollutants. Ammonia (NH3) is released 
from manure stored in deep or shallow pits under the slatted floor or from the soiled floor surface (Ni 
et al., 1999b). Carbon dioxide (CO2) originates mainly from animal respiration, but it can also be 
released from the manure in the pit (Ni et al., 1999a; Ni et al., 1999c; Philippe et al., 2011). Anaerobic 
degradation of organic matter in the manure and also the digestive tract of the pigs cause methane 
(CH4) release in the stable (Hashimoto et al., 1981; Jensen, 1996; Philippe et al., 2011). According to 
Laguë (2003), the formation of nitrogen oxide (N2O) occurs during incomplete nitrification and 
denitrification processes which convert NH3 into N2O.  
Temporal variations of indoor gas concentrations, both diurnal and seasonal, have been studied by 
different authors (Ngwabie et al., 2011; Blanes-Vidal et al., 2008; Ni et al., 2008). In contrast, spatial 
variations of indoor gas concentrations in PFF were reviewed rather rarely. According to Ni et al. 
(2000a), ventilation has a dual effect on the spatial variation of gas concentrations: the air-mixing 
effect and the diluting effect. Zhao et al. (2005) and Sun et al. (2004) found generally increasing 
ammonia concentrations towards the exhaust ventilator, but this phenomenon was not found during the 
coldest period.  
The aim of this study was to investigate the spatial variations in NH3 and greenhouse gas (N2O, CH4,  
and CO2) concentrations in a fully slatted, mechanically ventilated PFF. The study of the spatial 
variation of these gases is important in order to set up adequate measuring strategies, to improve 
indoor air quality and ventilation strategies and to develop effective indoor emission reduction 
strategies. 
 
3.3.2. Materials and methods 
 
The measurements were done in a conventional pig fattening facility in Oeselgem (Belgium) during 
one fattening period from mid-June till the end of October 2009. All eight pens were filled with the 
same number of pigs, randomly distributed over the pens (13 pigs per pen). All pigs were fed the same 
feed. A detailed description of the stable can be found Section 3.2.2. 
Gas concentrations (NH3, N2O, CO2 and CH4) were measured twice per hour with a multichannel 
infrared photo acoustic detector (1314 multigas monitor, LumaSense Technologies, Inc., CA, USA).  
A sampling rotation plan was established to detect spatial variation. On average, the different locations 
were sampled every two weeks. Overall, seven different locations were sampled: the ventilation 
exhaust (E) and in the middle of six different pens (L1, R1, L2, R2, L4, R4). Sampling was performed at 
three different heights: animal (0.8 m), human (1.6 m) and ventilation exhaust height (2.4 m). Figure 
3.14 shows the stable layout with the ventilation exhaust and the different pens. Table 3.11 gives an 
Measuring strategies  
55 
 
overview of the different sampling positions (location + height) and the respective number of 
measurements (hourly averages). Differences in number of measurements were mainly due to 
instrument failure. The concentrations at the ventilation exhaust were measured continuously, which 
explains the high number of measurements in this location. 
Ventilation rate and indoor temperature were monitored with a calibrated ventilation fan (type FMS 
56, Fancom, Panningen, Netherlands). Smoke tests were performed to evaluate the ventilation pattern. 
 
 
Fig. 3.14 Three dimensional scheme of the measured compartment, with indication of the different pens (L1 – L4, R1 – 
R4) and the ventilation exhaust (E). 
 
All data analyses were performed on hourly averages with SAS/STAT software mixed procedure 
(SAS 9.3, Cary, NC, USA). A multivariable linear mixed model was assessed based on backwards 
stepwise regression with day and hour in the fattening period, sampling location and ventilation rate as 
potential independent factors, and the gas concentrations (NH3, CH4, CO2, N2O) as dependent 
variables. Also the least square means were calculated to test significant differences between sampling 
locations. Significant differences were considered when p< 0.05. 
 
Table 3.11 Overview of the different sampling positions (location + height) with the respective number of 
measurements (hourly averages). 




Location Height (m) 
Number of 
measurements 
 E  2.4 1421    R1  1.6 473 
 L1  1.6 261    R1  2.4 92 
 L2  0.8 377    R2  0.8 69 
 L2  1.6 533    R2  1.6 255 
 L2  2.4 445    R2  2.4 244 
 L4  0.8 213    R4  0.8 152 
 L4  1.6 235    R4  1.6 332 





3.3.3. Results and discussion 
 
Figure 3.15 to 3.18 show the average indoor concentrations during the fattening period for the 
different sampling positions and for NH3, CH4, N2O, and CO2, respectively. Table 3.12 shows the 
mean concentrations during the fattening period per location. Significantly different concentrations are 
indicated with different letter codes. A more detailed discussion on the general measured 
concentration levels compared to other related studies can be found in Chapter 4. 
The highest concentrations of NH3, CO2 and CH4 were measured at R2 0.8 m and L4 0.8 m, and also L2 
0.8 m, which can be explained by the primary sources of these gases which are allocated in the pit or 
at animal height. An exception to this was the concentration at R4 0.8m, which was amongst the lowest 
for all measured gases. There was no clear explanation for this. The lowest concentrations were found 
at R4 and L4 2.4 m, this was similar for the 4 gases. As these locations are situated the most distant 
from the air inlet, this phenomenon can be explained by the ventilation pattern and the diluting effect 
as stated by Ni et al. (2000a). 
Generally, the concentrations also increased towards the ventilation exhaust which was also observed 
by Zhao et al. (2005) and Sun et al. (2004). Again this could be attributed to the dilution effect of the 
ventilation (Ni et al., 2000a). 
As can be observed in Table 3.12, there was no significant difference between the NH3 concentrations 
measured at location R1, R2, L1 and L2 at 1.6 m height and at the ventilation exhaust (E). Also, other 
locations (L2 at 2.4 m, R2 at 0.8 m, L4 at 0.8 m and R4 at 1.6 m) did not differ significantly in NH3 
concentration compared to the concentrations at the exhaust. Considering the entire compartment, 
similar spatial concentration variations were found for NH3 and CH4 (Fig. 3.15 and 3.16). The 
concentration gradients of CH4 over the different locations were higher compared to NH3, which 
explains why there are more significant differences between locations compared to NH3.  
Overall, the CO2 concentrations in the pens did not differ significantly with the concentrations at the 
exhaust (Table 3.12), except for the concentration at a height of 2.4 m. 
The N2O concentrations are relatively evenly distributed compared to the other gases (Table 3.12). 
Although some locations differ significantly in concentration, the differences are negligible due to the 
low concentrations of N2O. 
Overall, the highest concentration differences (based on the mean concentrations over the fattening 
period in Table 3.12) were found for NH3 and CH4, with a respective difference of 80 and 84% 
between the minimum and maximum concentration. These maximum differences were only 48 and 
47%, for N2O and CO2, respectively.  
It should be noticed that, although the stable was symmetrically built and the pigs could be considered 
as equally divided over the pens, still significant differences were found between the left and the right 
hand pens (symmetrically posted). Also smoke testing showed a symmetrical ventilation pattern in the 
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compartment. Possibly these concentration differences could be due to the not simultaneous 
measurements at different locations or difference in measured sampling hours per location.  
Table 3.12 Mean concentrations (ppm) (C) and standard deviations (S.D.) for the different locations during the 
fattening period. Significantly different concentrations (p< 0.05) are indicated with a different letter. 
Loc 
NH3 N2O CO2 CH4 
C S.D. C S.D. C S.D. C S.D. 
E 21.9a 6.7 0.54ab 0.15 1796a 376 86.0ab 32.0 
 L1 1.6  17.0
a 8.7 0.45d 0.10 1651ab 449 63.0b 33.0 
 L2 0.8  23.6
b 7.3 0.48cd 0.07 2058ab 479 89.4c 34.7 
 L2 1.6  18.8
a 5.2 0.41cd 0.11 1701a 297 63.5ab 16.3 
 L2 2.4  19.2
ab 8.9 0.44cd 0.09 1683b 430 77.1b 40.4 
 L4 0.8  26.6
ab 6.7 0.53abc 0.11 2225ab 320 122.7b 33.8 
 L4 1.6  8.5
e 4.1 0.49ab 1.15 1438b 333 32.8c 9.5 
 L4 2.4  9.9
d 4.6 0.39cd 0.08 1391c 339 34.9d 13.0 
 R1 1.6  19.1
a 5.4 0.57b 0.16 1813a 295 74.2b 25.2 
 R1 2.4  21.0
b 3.6 0.46cd 0.07 1921b 205 95.8b 13.9 
 R2 0.8  29.5
a 3.2 0.59ab 0.10 2362a 189 141.2ab 14.2 
 R2 1.6  16.7
a 5.2 0.56ab 0.24 1662a 305 59.7b 15.0 
 R2 2.4  17.7
b 7.0 0.62ab 0.11 1596b 353 73.8b 26.9 
 R4 0.8  11.8
cde 5.7 0.45abcd 0.14 1501bc 310 43.1c 20.9 
 R4 1.6  13.1
ab 6.1 0.46ab 0.14 1592ab 353 46.8b 16.5 
 R4 2.4  5.9
bcde 2.5 0.32abcd 0.01 1242abc 146 22.7bcd 7.6 
 
From the mixed model, it can be concluded that the variation of the gas concentrations due to location 
is relatively high, varying between 31 and 48% for the different gasses (Table 3.12). Similar 
proportions of the variance could be explained by day and hour in the fattening period. This 
contribution of location to the concentration variance is significantly higher compared to the one 
established for PM concentrations in this stable, which were measured simultaneously. For PM, the 
variation due to location was negligible compared to the contribution of day and hour in the fattening 
period (Section 3.2). PM was explained by the daily pattern, which was mainly related to the animal 
activity (Costa et al., 2006; Zeitlerfeicht et al., 1991), and the day in the fattening period, which was 
directly related to the animal age. Animal activity and pig age had probably less influence on the 
emissions of the gases, compared to those of PM. This could explain why location had relatively more 
impact on the measured gas concentration. 
According to Blanes-Vidal et al. (2006), the gas concentrations in the stable are influenced by the 
ventilation pattern and air velocity over the gas emitting surfaces. Therefore, also the ventilation rate 
and the interaction term between sampling location and ventilation rate were included in the mixed 
model. For NH3, CH4 and CO2, it could be concluded that the ventilation rate did not significantly 
influence the concentrations (p = 0.11, 0.18 and 0.28, respectively). Nevertheless, there was a 




described as the indoor ventilation pattern. This means that at some locations, ventilation rate had a 
relatively high influence on the measured concentrations, for example near the ventilator, but at other 
locations there was no significant influence of ventilation rate. For N2O the ventilation rate, nor the 
interaction term was significant in the model (p = 0.28 and 0.07, respectively) No effect of ventilation 
could also be observed in the rather even distribution of N2O. 
So, overall, it can be concluded that high concentration differences could occur in a stable. This has 
important consequences in relation to experimental setups for research. Measurement location must be 
carefully chosen according to the subject of interest. The highest concentrations were measured at 
animal height, which is related to the emission source (pit and animal). This implicates that an 
emission reduction at the source has a direct effect on the exposed concentrations for the animals. 
Furthermore, ventilation had a significant effect on the spatial distribution of gas concentration in the 
stable. This confirms the importance of good ventilation patterns and strategies in order to obtain  
adequate indoor gas concentration levels. 
 
 
Fig. 3.15 Mean NH3 concentrations at different sampling locations in the compartment. R = right side of the 




























Sampling height (m) 




Fig. 3.16 Mean CH4 concentrations at different sampling locations in the compartment. R = right side of the 
compartment, E = ventilation exhaust, L = left side of the compartment. 
 
 
Fig. 3.17 Mean N2O concentrations at different sampling locations in the compartment. R = right side of the 































































Fig. 3.18 Mean CO2 concentrations at different sampling locations in the compartment. R = right side of the 
compartment, E = ventilation exhaust, L = left side of the compartment. 
 
 
Table 3.13 Variance proportions for the different levels derived from the mixed model. 
 
Day/hour Location Ventilation*Location 
NH3 43% 31% 26% 
N2O 52% 48% n.s. 
CO2 39% 34% 27% 
CH4 41% 34% 24% 
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Spatial variations for the different gases were shown. In general, the highest concentrations were 
found at animal height, followed by the location of the ventilation exhaust. Furthermore, the 
concentrations increased towards the ventilation exhaust. The lowest concentrations were measured at 
the back of the stable at 2.4 m height. Based on the mean concentrations over the fattening period, 
high differences were found between the minimum and maximum concentrations, with a relative 
concentration difference of 80, 84%, 48 and 47% for NH3, CH4, N2O and CO2, respectively. 
Furthermore, according to the mixed model, sampling location had a significant influence on the 
measured concentration of all gases, with variance proportions varying from 31 to 48%. There was a 
clear interaction between ventilation rate and measurement location for NH3, CO2 and CH4, indicating 





















































B/ Typical indoor concentrations and emission rates of ammonia and 
greenhouse gases at building level: a case study to set up a measuring 
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Economic efficiency is the driving force for intensification, expansion and specialization in pig 
farming. The environmental impact of these changes must be evaluated, in order to evaluate their 
overall sustainability. The main concerns in this respect are the mineral excretions from the animals 
and the gaseous emissions. Management of feed, manure and housing, are important influencing 
factors concerning emissions of  gases such as ammonia (NH3), methane (CH4), nitrous oxide (N2O) 
and carbon dioxide (CO2), which have a negative impact on both the indoor air quality and the 
environment. Indoor exposure effects on pig health and production have been studied by different 
authors (Donham, 1991; Donham, 2000; Tuovinen et al., 1990). Although it is difficult to assess the 
relation between one specific contaminant and its effect on workers’ health, exposure to high gas 
concentrations can have both short and long-term effects on workers in pig confinement buildings 
(Lemay et al., 2002; Von Essen & Romberger, 2003). Most common are the respiratory diseases like 
asthma, bronchitis, or exacerbation of pre-existing asthma (Von Essen & Donham, 1999). 
Next to negative effects on indoor air quality, ammonia (NH3) emissions lead to soil acidification and 
eutrophication. Ammonia is also a precursor to nitrous oxide (N2O) (Clemens & Ahlgrimm, 2001). 
Methane (CH4) and N2O are the most important greenhouse gases (GHG) in livestock production 
(Smith et al., 2007), with a global warming potential per mol of respectively 25 and 298 times that of 
carbon dioxide (CO2) (Forster et al., 2007). N2O also contributes to the destruction of the atmospheric 
ozone shield (Ravishankara et al., 2009). CO2 in livestock buildings originates mainly from the 
exhalation of animals, but is additionally released from the manure (Ni et al., 1999c).  
Continuous, long-term, and reliable measurements are needed to obtain accurate and unbiased data for 
the assessment of ammonia and GHG emission rates and indoor concentrations (Jungbluth et al., 
2001). Such measurements, however, are expensive due to the needed equipment and manpower. 
Furthermore, laboratory studies are not an option since these might result in significantly different 
data, compared to data obtained under field conditions (Ni et al., 2008).  
Until now, prediction models and strategies to reduce the number of measurements, have only been 
assessed for NH3 emission rates from pig fattening facilities (Vranken et al., 2004; Aarnink et al., 
1995; Chen et al., 2011; Jacobson et al., 2004b). To determine ammonia emission rates for pig 
fattening facilities, specific measurement strategies were suggested by Ogink et al. (2011) and 
Vranken et al. (2004). Ogink et al. (2011) proposed six sampling days of 24 hours spread over one 
year. Vranken et al. (2004) suggested measuring 8 days, on provided condition that 4 days are selected 
within the same fattening period and 4 other days are selected in at least two other  periods. 
At present, there are no measuring strategies and prediction models available for indoor concentrations 
of ammonia and GHG. Furthermore, for the GHG no research has been done on measuring strategies, 
Measuring strategies  
65 
 
nor prediction modelling of emission rates. The main objective of this study is to contribute 
knowledge, more specifically: 
- To determine the variation of indoor concentrations and emission rates for NH3, CH4, N2O, 
and CO2, between equal compartments in one fattening facility. 
- To determine the diurnal evolution of the respective indoor concentrations and emission rates 
of these gases. 
- To analyse and model the evolution of the indoor concentrations and emission rates during the 
whole fattening period. 
- To set up a reduced measuring strategy to measure indoor concentrations and emission rates 
during the fattening period, compared to continuous monitoring. 
- To test the applicability of the models on a dataset measured at the same fattening facility but 
during another fattening period. 
 
3.3.6. Instruments and Methods 
 
3.3.6.1. Measurement location and conditions 
The measurements were done in a conventional pig fattening facility in Oeselgem (Belgium) during 
two consecutive fattening periods, from mid-January till early June 2009 (period P1) and from mid-
June till the end of October 2009 (period P2). The gas measurements during the first fattening period 
were performed within other research at ILVO. During the second fattening period, PM measurements 
were performed simultaneously with the gas measurements as reported in Section 3.2. 
The stable had seven compartments (C1 to C7), each with 8 fully-slatted pens, 4 on both sides of a 1 m 
wide service alley. Each pen measures 3x3 m with slatted walls of 0.95 m high and contained 13 
fattening pigs. Each compartment had a separate manure pit. The manure pits were emptied before the 
start of each fattening period. During both measured fattening periods, the feeding procedure consisted 
of the same 6 feeding phases. The feeding was provided automatically with a wet feeder. Fresh water 
was provided ad libitum. The fattening facility had an indirect air inlet in the separated side-alley 
along the compartments. Fresh air entered the compartments via a ventilation channel in the floor of 
the side-alley. Each compartment had an axial fan (Fancom, Panningen, The Netherlands), with a 
maximum ventilation rate of 10 000 m³ h
-1
, placed at a height of 2.4 m above the service alley and at a 








The ventilation rate was temperature controlled and continuously monitored with a full size free-
running impeller (FMS 56, Fancom, Panningen, The Netherlands) in the exhaust channel. The 
ventilation in the stable is managed with a ventilation computer (FSU, Fancom, Panningen, The 
Netherlands).  
The indoor gas concentrations (IC) of NH3, CH4, N2O, and CO2 were measured at each ventilator 
exhaust. The emission rates (E) were calculated as the product of the ventilation rate and the indoor 
gas concentration (calculations based on the hourly averages).  
The gas concentrations were measured twice per hour with an infrared photo acoustic detector (1314 
multigas monitor, LumaSense Technologies, Inc., CA, USA). At the entrance of each exhaust channel 
an ambient air suction filter (Ankersmid AAF 053, Ankersmid Company, Nijverdal, The Netherlands) 
was placed and connected via a PTFE-Teflon tubing of 40 m to an eight channel multi sampler 
(CBISS, A1-envirosciences ltd., Wirral, UK), integrated in the photo acoustic detector. The tubes were 
insulated and equipped with a heating tape to prevent condensation.  
 
3.3.6.3. Data analysis 
All data analysis was performed on hourly averages with SAS/STAT software mixed procedure (SAS 
9.3, Cary, NC, USA). Prior to the analysis, incorrect measurements due to technical flaws (technical 
defect on the monitor,  condensation in the tubing or power failure) were removed from the data sets.  
Evaluation of the indoor concentration differences and differences in emission rates between the two 
fattening periods was based on the Mann-Whitney Test as the data was not normally distributed (based 
on the Kolmogorov-Smirnov test). All statistical tests were performed at 0.05 significance level. 
Since more measurement data were obtained during the second fattening period (P2), this measurement 
period was used to investigate the diurnal pattern of the gas concentrations. A mixed model was used 
with the different gas concentrations as dependent variables, and ‘hour of the day’ (categorised as 0 to 
23 hours) as the categorical independent variable. Compartment number (1 to 7) was added as random 
factor to correct for repeated measurements within compartments. Linear, quadratic and polynomial 
relationships between ‘hour of the day’ and the different dependent variables were assessed. The best 
model was chosen based on the goodness of fit test ‘Akaike information criterion’ (AIC).  
Next, the same data of the second fattening period were used to predict the different gas 
concentrations (dependent variables) during the fattening period based on the day in the fattening 
period (1 to 120 days) and the hour of the day (0 to 23 hours) (continuous independent variables). The 
mixed model procedure was used with ‘compartment number’ (1 to 7) added as random factor to 
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correct for repeated measurements within compartments. The proportional variance residue at the 
different levels (between  and within compartments) was calculated from the null model (intercept + 
‘day in the fattening period’ + ‘hour of the day’ as fixed variables). Again, linear, quadratic and 
polynomial relationships between hour and day on the one hand, and the different gas concentrations 
on the other hand, were assessed. The AIC was used to select the best fitting model. These models are 
referred to as basic models (BM). Moreover, the fit of the basic models was evaluated by comparing 
the predicted gas concentrations with the measured gas concentrations though the whole fattening 
period. This evaluation was done by means of the concordance correlation coefficient (CC), which is 
computed as the product of the bias correction factor and the Pearson correlation coefficient (Lin, 
1989).   
In the third analysis step, the data of the second fattening period were again used to predict the 
different gas concentrations (dependent variables) based on the day in the fattening period (1 to 120 
days) and the hour within the days (0 to 23 hours), but now separately for each compartment. These 
models are referred to as BM for each compartment. The model fit was evaluated using the CC 
between predicted gas concentration based on the BM for one compartment, and the measured data for 
that specific compartment. Moreover, the applicability of the BM for one compartment, was tested to 
predict the gas concentrations in another compartment by calculating the CC between the predicted 
gas concentrations using the BM of one compartment and the measured gas concentrations in each of 
the other compartments.  
For the reduced measuring strategy, new prediction models were assessed using less measuring 
days. Randomly selected days once a week and once a month were used to create these new models: 
Reduced Measuring Models (RMM)). The model building procedure was the same as for the basic 
models (BM). The following different RMM were assessed: 
- RMM1: with approximately one measuring day a week. Selected days in the fattening period: 
11, 21, 27, 32, 41, 46, 53, 60, 67, 81, 88, 98, 102, 109, 119;  
- RMM2: with one measuring day per month. Selected days: 11, 46, 81, 102; 
- RMM3: with one measuring day per month. Selected days: 21, 53, 67, 99; 
- RMM4: with one measuring day per month. Selected days: 12, 45, 88, 113. 
The reduced measuring models were evaluated by calculating the CC between the predicted gas 
concentrations based on the respective RMM and the measured gas concentrations during P2. In 





Finally, the applicability of the BM and RMM were tested vis-à-vis the data from the first fattening 
period (cross-validation). The CC were calculated between the predicted gas concentrations, based on 
the BM (P2) and the measured gas concentration during the first fattening period (P1), respectively. 
 
3.3.7. Results and Discussion 
 
3.3.7.1. Experimental conditions, indoor concentrations and emission rates 
The numbers of pigs entering the fattening compartments during P1 and P2 were 711 and 730, 
respectively, with an average entry live weight of 21.5 and 24.3 kg. The pigs left the compartments at 
an average live weight of 120.7 and 117.3 kg, respectively. The pigs were evenly distributed between 
compartments. The average daily weight gains were 710 and 740 g d
-1
 with a feed conversion ratio of 
2.84 and 2.71 for P1 and P2, respectively. The mortality rates were 3 and 1.5%. Overall, there were 60 
and 75 measuring days for P1 and P2. The average temperature for respectively P1 and P2 was 
22.8±0.2°C and 24.1±0.4°C. Figure 3.19 shows the average outdoor temperature and indoor 












, respectively. Table 3.14 shows the average indoor concentrations and 
emission rates for the 7 compartments for the first (P1) and second fattening period (P2). Indoor 
concentrations of NH3 and CH4 were significantly higher during the first fattening period (p<0.01), 
while for the other two gases, the opposite was observed. Emission rates of CH4, N2O and CO2 were 
also significantly different for the first fattening period compared to the second. There is no clear 
explanation why some gases have higher concentrations or emission rates in the first or second 
fattening period. 




Fig. 3.19 Monthly average outdoor and indoor temperature per compartment (°C). 
 
Table 3.14 Average indoor concentrations (IC) and emission rates (E) for the 7 compartments during the first and the 
































3.3.7.2. Variation between and within fattening compartments 
Table 3.15 shows the variance between and within compartments, for both indoor concentrations and 
emission rates (for P2). The smallest variation between compartments was found for NH3 E (16%), the 
largest for CH4 IC (68%). This could not be attributed to the indoor temperature in the different 
compartments as these were in the same range (see Fig. 3.19). A more detailed study of the 
measurement conditions would be useful in order to find a possible explanation for these variances. 
The smallest variation within compartments was observed for indoor concentrations of CH4 (32%), 
while the largest variations occurred for the NH3 emission rates (84%). The variation within 
compartments could be attributed to animal growth, or changes in climatic conditions and ventilation 
rate and ventilation pattern over the fattening period. 
The variations between compartments offers the possibility to test the prediction model on a wider 



































Table 3.15 Variance between and within compartments of the measured concentrations (IC) and emission rates (E) 
per gas between P2. 
 
NH3 CH4 N2O CO2 
  IC E IC E IC E IC E 
Variance between 
compartments (%) 
43 16 68 47 52 50 20 32 
Variance within 
compartments (%) 
57 84 32 53 48 50 80 68 
 
3.3.7.3. Diurnal variations  
Figure 3.20 shows the average hourly indoor concentrations and emission rates per gas for P2 and their 
trend line. The daily evolution could be described as a fifth-degree polynomial function with ‘hour’ as 
variable (trend line). The CC of this trend line and the hourly average concentrations and emission 
rates was very high, varying between 0.74 and 0.99 for the different gasses.  
The indoor concentrations of the different gases showed a similar trend with a high peak in the 
morning, a low concentration period in the afternoon and increasing concentrations towards midnight. 
The highest concentrations of NH3 and CO2 were observed around 8 a.m., for CH4 and N2O the indoor 
concentrations peaked two hours earlier in the morning. Furthermore, the lowest concentrations of 
NH3 and CO2 were observed around 3 p.m., but for CH4 and N2O the lowest concentrations appeared 
around 5 p.m., so approximately two hours later. 
The emission rates of the different gases had a clearly different pattern compared to the indoor 
concentrations. All emission rates were significantly low around 4 a.m. in the morning, when 
temperature and ventilation rates reached their minimum. The highest emission rates were measured in 
the afternoon. Similar to the indoor concentrations, the peak of CH4 and N2O appeared approximately 
two hours before the peak of NH3 and CO2 respectively (4 p.m. and 6 p.m.). Only the emission rate of 
NH3 showed a second peak in the morning. A similar pattern for NH3 and CH4 emission rates was 
found by Blanes-Vidal et al. (2008). According to this study and our observations, the emission pattern 
of ammonia was strongly related to the animal activity, while the methane emission rates followed 
more the ventilation pattern. Aarnink et al. (1996) linked the NH3 emission with the urination 
frequency of the pigs. Ngwabie et al. (2011) related the CO2 emission with animal activity. 
The lowest indoor concentrations were measured around the same time as the highest emission rates, 
which was consistent with the ventilation pattern. This phenomenon was also found in other 
researches (Jeppsson, 2002; Blanes-Vidal et al., 2008; Ngwabie et al., 2011).    
For the indoor concentrations as well as for the emission rates, it is remarkable that similar trends were 
found for NH3 and CO2 at the one hand and for CH4 and N2O at the other. 
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Further research is needed to link the different gases, especially the indoor concentrations, and their 
daily patterns to activities in the stable, other parameters such as temperature, relative humidity,... and 





















   
  
   
   
Fig. 3.20 Average hourly indoor concentrations and emission rates with the respective trend lines for NH3, CH4, N2O, 
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3.3.7.4. Variations within the fattening periods and basic prediction models (BM) 
Figure 3.21 shows the measured hourly average concentrations at 12 p.m. and the fitted BM of the 
indoor gas concentrations and emission rates during the fattening period (P2). NH3, CH4, and CO2 
concentrations and emission rates increased with time, with more stationary or even decreasing 
concentrations and emission rates towards the end of the fattening period. For these 3 gases, 
concentrations showed a rather ‘convex’ evolution, while the emission rates approached a more 
‘concave’ evolution. N2O, however, showed maximum concentrations and emission rates on day 78 




















   
  
Fig. 3.21 Measured hourly average indoor concentrations and emission rates at 12 p.m. with respective fittings per 
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Increasing ammonia emission rates in time over the fattening period were also found by Aarnink et al. 
(1995). Ngwabie et al. (2011) related the increasing NH3 emission rates to the animal weight. The 
increase in methane emission during the fattening is due to increase in animal weight and increase in 
quantity of the manure in the pit (Ngwabie et al., 2011). N2O emissions normally barely occur from 
slurry, except when a dry crust is formed on the surface (Monteney et al., 2001). N2O emissions in pig 
facilities largely originate from manure on the floor, which increases with increasing time in the 
fattening period (Ni et al., 1999c). Pedersen et al. (2008) attributed the increasing CO2 emissions to the 
increased respiration of the pigs, which is of course related to the weight of the pigs. The flattening or 
even decrease of the emission curves at the end of the fattening period, which was seen for all 
measured gasses (Fig. 3.21), could be related to the lower outdoor temperatures (Fig. 3.19) resulting in  
lower ventilation rates. 
The basic model (BM) was based on the day in the fattening period combined with the hour of the day, 
where ‘day’ was modelled to the second-degree and ‘hour’ to the third-degree. Adding additional 
degrees for ‘hour’, as was done for the daily variations (see Section 3.3), improved the model 
significantly based on AIC. But this did not result in a better CC between the respective models and 
measured data. A fourth-degree fitting of ‘hour’ was consequently not included. The parameter 
estimates of the BM for the indoor concentrations and emission rates are shown in Tables 3.16 and 
3.17 for the different gases. These tables show also the CC of these models and the variance in 
concentration and emission, explained by the two variables of the model (day and hour). The CC 
ranged between 0.57 and 0.76. The variance in concentration or emission explained by ‘day’ and 
‘hour’ varied between 24 and 54%.  
 
Table 3.16 Parameter estimates with standard deviations (S.D.), concordance correlation coefficient (CC)  and relative 
















































































Table 3.17 Parameter estimates with standard deviations (S.D.), concordance correlation coefficient (CC) and relative 











































































Calculating the BM per compartment resulted in CC values ranging from 0.57 to 0.77. Moreover, for 
all the models, the CC increased when the BM was calculated at compartment level. However, when 
applying one model to predict concentrations or emission rates from another compartment, the CC 
ranged between 0.02 and 0.89. Especially for the indoor concentrations of CH4 and N2O, the CC were 
very low when using a prediction model from one compartment on the data from another 
compartment. This is probably due to the large variation in concentrations between compartments (see 
Section 3.2). 
 
3.3.7.5. Reduced Measuring Models (RMM) and proposed measuring strategy  
Table 3.18 shows the CC for each RMM with both the measured data and the BM. The first RMM 
(RMM1) was based on measuring once a week during the fattening period (except for two weeks 
where no measurements were done due to instrument failure).  
The CC of the RMM1 with the measured data was comparable with the CC of the BM and the 
measured data (see Table 3.16 and 3.17). Furthermore, the CC of RMM1 with the BM was very high 
(between 0.97 and 1.00). As the first model showed very good agreement with the BM (based on CC), 
and based on the measuring strategies of Ogink et al. (2011) and Vranken et al.  (2004), who measured 
maximum 4 days during one fattening period (see Section 1.4), the number of measuring days was 
immediately reduced from measuring once per week to once per month in this analysis. When 
modelling the evolution during the fattening period based on 4 measuring days (RMM2, RMM3 and 
RMM4), the CC of the respective RMM (RMM2, RMM3 and RMM4) with the measured data were 
mostly lower than the CC of the BM with the measured data (see Tables 3.16 and 3.17). Still,  these 
models  had relative good degree of correlation. 
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Table 3.18 Concordance correlation coefficients (CC) for the RMM with respectively the measured indoor 
concentrations (IC) and emission rates (E) during P2 and  the BM. 
 
CC with Measured Data P2 
 
CC with BM P2 
  RMM1 RMM2 RMM3 RMM4  RMM1 RMM2 RMM3 RMM4 
NH3 IC 0.72 0.68 0.73 0.72 
 
0.99 0.99 0.96 0.99 
NH3 E 0.76 0.73 0.76 0.73 
 
1.00 1.00 0.96 0.99 
CH4 IC 0.65 0.58 0.68 0.68 
 
0.98 0.99 0.94 0.99 
CH4 E 0.67 0.66 0.68 0.66 
 
1.00 1.00 0.97 0.99 
N2O IC 0.57 0.47 0.48 0.49 
 
1.00 0.98 0.90 0.92 
N2O E 0.53 0.43 0.53 0.54 
 
0.99 0.80 0.94 0.95 
CO2 IC 0.57 0.44 0.58 0.62 
 
0.97 0.98 0.82 0.92 
CO2 E 0.69 0.67 0.70 0.70 
 
0.99 0.80 0.94 0.95 
RMM1: measured days: 11, 21, 27, 32, 41, 46, 53, 60, 67, 81, 88, 98, 102, 109, 119  
RMM2: measured days: 11, 46, 81, 102 
RMM3: measured days: 21, 53, 67, 99 
RMM4: measured days: 12, 45, 88, 113 
 
When assessing a reduced measuring model per compartment, this model did not result in a better 
prediction of the indoor concentrations and emission rates in that specific compartment. 
As for the BM, it was not possible to calculate the RMM2 based on measurements in one compartment 
and predict the concentrations or emission rates in the other compartments (CC values ranged between 
-0.06 – 0.89). 
From this analysis it can be concluded that the prediction of the indoor concentrations and emission 
rates of NH3, CH4, N2O and CO2, is possible based on measuring one day (24h) per month during a 
fattening period of 120 days, with hourly averages. However, these measurements should be executed 











3.3.7.6. Applicability of the models 
The applicability of the BM and RMM2 was tested vis-à-vis the data from the first fattening period 
(cross-validation). For this analysis, the RMM2 was chosen as this was the poorest fitting model of 
the reduced measuring models. The fit between the BM and the measured data of P1 is shown in Table 
3.19. The CC of the BM and the CC of the RMM2, both with the measured data, were in the same 
range. 
Visualisation of the data showed that the evolution of the indoor concentrations and emission rates 
during P1 was completely different from P2, except for the emission rates of NH3 and N2O. This was 
also evident evaluating the fit of the BM with the measured data of P1 (Table 3.19), where also only 
these two parameters had a reasonable degree of fit (CC = 0.60). This applicability test illustrated that 
it is not possible to apply prediction models of one fattening period to another. For NH3 and N2O 
emission rates this could be done in this case, but this should be further validated with more data over 
several fattening periods in this stable and other stables.  
So, prediction models based on ‘day in the fattening period’ and ‘hour of the day’, were in this case 
not applicable for all fattening periods nor extendable to other stables. Possibly adding other 
parameters to the prediction model, such as indoor temperature or ventilation rate, could be the 
solution. This subject should be further investigated and will be discussed in Chapter 6. 
 
Table 3.19 Concordance correlation coefficient (CC) between the basic models based on the data of P2 (BM) and the 
measured indoor concentrations (IC) and emission rates (E) during the first fattening period (P1). 
 
NH3 CH4 N2O CO2 
  IC E IC E IC E IC E 
CC -0.16 0.60 -0.28 0.23 -0.16 0.60 -0.09 0.39 





 Variations in concentrations and emission rates between the 7 similar compartments in the 
stable were lowest for indoor concentrations of NH3 (16%) and largest for the emission of 
N2O (68%). 
 Diurnal variations of NH3, CH4, N2O and CO2 indoor concentrations and emission rates could 
be described with a fifth-degree polynomial function with ‘hour of the day’ as variable.  
  Similar trends in diurnal variations were found for NH3 and CO2 at the one hand and for CH4 
and N2O at the other. 
 Basic prediction models (BM) based on ‘day in the fattening period’ and ‘hour of the day’ 
were established. Based on all measured days in each compartment, the models fitted well for 
the indoor concentrations, as well as for the emission rates of these gases.  
 Reduced measuring  models (RMM) were assessed to evaluate reduced measuring strategies. 
Reducing the number of measuring days to one random selected day per month, with 
measurements in all compartments, was satisfactory for the prediction of indoor 
concentrations and emission rates of the gases. 
 The prediction of the indoor concentrations and emission rates of NH3, CH4, N2O and CO2, 
proved to be possible,  based on measuring one day (24h) per month during a fattening period 
of 120 days and using the hourly average IC or E. These measurements should however, be 
executed in each compartment of the stable. 
 The developed models were not suitable to predict indoor concentrations and emission rates 
during another fattening period, except for NH3 E and N2O E. Further research is needed to 














To determine a measuring strategy for ammonia and GHG in pig fattening facilities, it is important to 
consider both spatial and temporal variations. In contrary for PM, only temporal variations were 
determinative for the measuring strategy. 
The reduced measuring strategy was similar for the four gases under investigation. Selecting one 
random day per month during the fattening period was sufficient to determine the indoor concentration 
or emission factor. Similar to PM, the measurements should be performed during two following 
fattening periods, due to seasonal variations. In contrary to PM, the measurements should not be 
repeated during two consecutive days. Furthermore, specifically for the gases it is important to 
measure at the specific location of interest, as high concentration gradients in the stable can occur. 
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Emissions from pig fattening facilities may have negative effects on human and animal health, as well 
as the environment. To evaluate these effects, knowledge of the typical indoor concentrations and 
emission factors for hazardous pollutants like particulate matter (PM), NH3 and greenhouse gases 
(GHG) is required.  
An overview of PM10 studies for conventional mechanically ventilated pig fattening facilities with 
fully slatted floor is given in Table 4.1. Until recently, the studies in pig fattening facilities focussed on 
the larger particle fractions like PM10. Different studies have shown large variations in PM10 indoor 
concentrations and emissions: ranging from 135 µg m
-3
 to 2810 µg m
-3
 for indoor concentrations and 




 (Livestock Unit = 500 kg liveweight of the 
animals). Large deviations between PM10 indoor concentrations (IC) and EF within one fattening 
period were found by Koziel, et al. (2004), Haeussermann et al. (2006), Schmidt et al. (2002) and 
Costa and Guarino (2009). Mostly, the differences could be attributed to seasonal variations (Koziel et 
al., 2004). 
 
Table 4.1 Literature overview of indoor PM10 concentrations and emission factors (EF) for PM in conventional 
mechanically ventilated pig fattening facilities with fully slatted floor. 
Reference Country Indoor Concentration Emission Factor 
  
µg m-3 g yr-1 LU-1 g yr-1 a-1 
Koziel et al.(2004) USA 135-1001 431-1679 
 
Haeussermann et al. (2006) Germany 350-1260 1205-3468 
 
Schmidt et al. (2002) USA 240-1630 630-2120 
 
Predicala and Maghirang (2002) USA 1260-2810 945-1359 
 








Mosquera et al. (2010) Netherlands 
  
139.7 
LU = Livestock Unit = 500 kg liveweight of the animals 
a = animal 
 
Table 4.2 shows a literature overview of IC of NH3 and EF for NH3, N2O, CH4 and CO2  in 
conventional mechanically ventilated pig fattening facilities with a fully slatted floor. As for PM, not 
many indoor concentrations of N2O, CH4 and CO2  have been reported for pig fattening facilities. Ni et 
al. (2008) measured CH4 and CO2 indoor concentrations in mechanically ventilated pig fattening 
facilities. They measured concentrations ranging between 11.1 and 12.9 ppm and 2037 and 2307 ppm, 
for CH4 and CO2, respectively. Extreme differences between N2O emission factors have been reported 
between different studies. In Europe, high EF for N2O are reported by Philippe et al. (2007) and Liu 
and Powers (2011). 
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Compared to conventional fattening facilities, few research has been performed on low emission 
stables. Recently, Mosquera et al. (2011) researched a low emission system. They found a yearly 








 for PM2.5, for a fattening facility with 













 for N2O. 
 
Table 4.2 Literature overview of indoor concentrations of NH3 and emission factors (EF) of NH3, N2O, CH4 and CO2 









(kg yr-1 a-1) 
N2O 
(g yr-1 a-1) 
CH4 
(kg yr-1 a-1) 
CO2 
(kg yr-1 a-1) 
Jacobson et al. (2006) USA 20.4 
    
Aarnink et al.  (1995) Netherlands 6.6-16.1 2.07 
   
Demmers et al. (1999) UK 15.8-39.5 19.9-59.7 
   
Seedorf and Hartung (1999) Germany 15.9 
    
Hinz and Linke (1998) Germany 10-35 4.2-4.8 
  
906 
Kim et al. (2008) South Korea 12.1 2.8 
   
Koerkamp et al. (1998) UK 12.1 1.6 
   
 
Netherlands 18.2 3.4 
   
 
Denmark 14.9 2.8 
   
 
Germany 14.3 2.7 
   
Philippe et al. (2007) Belgium 
 
2.3 197 5.9 635 
Costa and Guarino (2007) Italy 
  
136-282 7.8-16.4 567-1178 
Ni et al.  (2008) USA 
   
0.4-3.6 403-1378 
Mosquera et al. (2010) Netherlands 
 
3.4 8 15.7 
 
Liu and Powers (2011) USA 
  








80 1.5 779 
 
Not only indoor concentrations and EF, but also the correlations between different parameters are 
important regarding prediction modelling and to set up reduced sampling strategies for livestock 
housing. Also in the view of developing and evaluating possible emission reduction strategies, 
knowledge about the correlations of different parameters in the stables is important. Only a few studies 
have reported correlations between PM1 and PM2.5 indoor concentrations or emissions with other 
parameters such as gas concentrations or environmental factors in rearing facilities (Table 4.3). 
According to these researches, ventilation rate, animal density and animal weight are parameters that 







Table 4.3 Correlations between different parameters in pig fattening facilities. 
Reference Parameter 1 Parameter 2 Correlation 







Chen et al.  (2011) PM10 EF V 0.50 
 
 
animal weight 0.39 
 
 
animal density 0.50 
Chen et al.  (2011) NH3 E animal density 0.77 
 
 
average pig weight 0.68 
Philippe et al.  (2007) 
 
CH4 E 0.77 
 
 
CO2 E 0.76 
Philippe et al.  (2007) CO2 E CH4 E 0.71 
IC indoor concentration 
E emission 
Ti indoor temperature 
RHi indoor relative humidity 
V ventilation rate 
 
The objective of this study was to investigate the indoor concentrations of particulate matter (PM1, 
PM2.5 and PM10) and gases (NH3, N2O, CH4 and CO2) in different pig fattening facilities. Furthermore, 
respective emission factors were assessed and evaluated in the light of similar research. Also the 
correlations between EF, IC and different operational conditions were investigated. As mentioned 
before, these correlations are important regarding prediction modelling of IC and EF, setting up 
reduced sampling strategies and in the view of future research concerning reduction strategies. Besides 
different conventional fattening facilities with fully slatted floors, also a facility with an emission 
reduction technique (Best Available Techniques (BAT), European Commission, 2003) was sampled. 
 
4.2. Instruments and methods 
 
4.2.1. Measured farms, stables and housing systems 
 
The measurements took place on three different farms in Flanders, Belgium (Westrozebeke, 
Dentergem and Alveringem) during April 2010 - May 2011. Each farm had two stables for finishing 
pigs with equal management, feeding and animal age. Table 4.4 gives an overview of the stables and 
their most important characteristics. The average surface per animal ranged between 0.65 and 0.70 m² 
for all stables. Two conventional stables were equipped with a chemical wet scrubber and a 
bioscrubber, respectively, at the ventilation exhaust as low emission technique. However, these 
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techniques were not taken into account in the calculated EF, so these stables can be considered 
conventional fattening facilities. On the third farm, one stable was equipped with BAT partly-slatted 
floor with manure channel including slanted side walls and a water channel. This system is described 
by the European Commission (2003) and labelled as V4.7 in the Flemish legislation (Belgisch 
Staatsblad, 2011). Additionally, the results from the continuous measurements during the summer 
period of 2009 at a fourth farm are included (see Table 4.4). A more detailed description of this stable 


























Stable 1 Stable 2 
 
Stable 3 Stable 4 
 
Stable 5 Stable 6 
 
Stable 7 







Floor type Fully slatted concrete Fully slatted concrete 
 





Fully slatted concrete 
 
Fully slatted concrete 
Ventilation system Channel Side wall 
 
Channel Side wall 
 
Side wall Side wall 
 
Channel 














Feeding system and type 
3 phases 
KV1181, KV1184, KV1197 
 1 phase 
1400 




1108, 1201, 1308, 
1336, 1345, 1375 
   
   







1Equipped with a chemical wet scrubber4. Scrubber not taken into account for the measurements. 
2Equipped with a bioscrubber4. Scrubber not taken into account for the measurements. 
3Best Available Technique, partly-slatted floor with manure channel with slanted side walls4. 
4system as described by EC, 2003. 
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4.2.2. Measurement strategy 
 
The sampling strategy and procedures for PM were adapted from the previous study as described in 
Section 3.2 . This study concluded that at least 4 measurement periods are required in each fattening 
period of 120 days. On average, this resulted in one measurement period per month. Furthermore, a 
measurement period should consist of minimum 48 hours continuously indoor sampling and 48 hours 
continuously emission sampling to determine indoor concentrations and emission factors. Two 
fattening periods (one summer and one winter period) must be measured at each housing system. For 
the gases a similar measurement strategy was applied based on Ogink et al. (2008). They concluded 
that 6 days of 24h sampling, spread over one year is sufficient to determine the NH3 EF. For the GHG 
also 6 days of 24h sampling were suggested by the Vera test protocol (Vera, 2011). The number of 
measurement days in this research exceeded these previous suggestions. 
Based on these findings, it was decided to sample PM and gases during one measurement period per 
month during two fattening periods (one summer and one winter period). In each measurement period, 
indoor concentrations were measured during the first 2 days, followed by 2 days of emission 
measurements. 
Indoor concentrations of PM and gases, temperature and relative humidity were measured in the 
middle of the central pen of the barn at 1.6 m height. The sampling instrument for PM was placed 
inside an iron cage attached to the slatted floor. The sampling inlet of the instrument was located 
above the cage. Emission concentrations were measured at the exhaust ventilator (see Fig. 4.1). 
Background concentrations of the different gases were also measured at the air inlet of the stable. Due 
to the limited number of PM samplers, no background measurements were performed for PM. 
 
 




4.2.3. Measuring equipment 
 
Particulate matter was measured using two Grimm 1.109 spectrometers (Resolution 0.1µg m
-1
 – 100 
000 µg m
-1
) (Grimm Aerosol Technik GmbH & Co. KG, Ainring, Germany) mounted in a 
weatherproof housing and equipped with a temperature and relative humidity sensor. This measuring 
technique was chosen because it provides a continuous data output with measurement intervals of one 
minute. For this research, the PM1, PM2.5 and PM10 fractions were selected. PM emission sampling 
was done using an isokinetic sensor (model 1.152, Grimm Aerosol Technik GmbH & Co. KG, 
Ainring, Germany) mounted in the ventilation shaft and connected to the spectrometers (Figure 1).  
Concentrations of NH3, CH4, N2O, and CO2 were continuously measured by a multi sampler (CBISS, 
a1-envirosciences ltd., Wirral, UK), which was connected with an infrared photo acoustic detector 
(1314 multigas monitor, Innova Air Tech Instruments, Santa Clara, CA, USA). On average, each 
sampling point was measured every 30 minutes. The air samples were transported to the monitor with 
a flow rate of 30 cm³ s
-1
 via a PTFE-Teflon tubing of 30 m connected to an ambient air suction filter at 
the end of the tube (Ankersmid AAF 053, An Ankersmid Company, Nijverdal, Netherlands). The 
length of the tubings was chosen so two different stables could be connected to the same monitor. All 
tubings had the same length to avoid related biases as recommended by the instruments supplier. 
Ventilation rates were monitored with a free running impeller (type FMS, Fancom, Panningen, the 
Netherlands). The outdoor temperature and relative humidity were monitored using a weather station 
(Vantage Pro2, Davis Instruments Corp., CA, USA).  
All instruments were calibrated by the manufacturer prior to start of the measurements and also  
recalibrated during the experiments if so prescribed by the manufacturer.  
 
4.2.4. Calculations and data analysis 
 
The emission rate (ER) is defined as the product of the ventilation rate and the pollutant concentration. 
The ER for PM and gases were calculated from the hourly averages of the ventilation rate and the 
respective pollutant concentrations (Equation 1 and 2, respectively). The emission rates of the gases 
were corrected for background concentrations (Equation 2). Due to instrumental capacity limitations, 
this correction could not be made for PM (Equation 1).  
The emission factor (EF) for both PM and gases is calculated as the cumulative emission over one 
year, divided by the number of animals and corrected for 10% vacancy in the stable according to the 
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For PM:            *   
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ER= emission rate (g h
-1
) 





Q= ventilation rate (m³ h
-1
) 
ICo= indoor concentration at the air outlet (µg m
-3
 (1) or ppm (2)) 
ICi= indoor concentration at the air inlet (µg m
-3
 (1) or ppm (2)) 
Wm= molar mass (g mol
-1
) 
Vm= molar volume at 273.15K and 1013.25 hPa  
Pref = reference pressure 1013.25 hPa 
P= air pressure (hPa) 
T= indoor temperature (K) 
Tref= reference temperature (273.15 K) 
S= number of samples 
a= number of animal places 
0.9= correction factor for vacancy in the stable during one year 
 
All data analysis was performed on the hourly averages with SPSS 17.0 (SPSS Inc., Chicago, Il, 
USA). The Kolmogorov-Smirnov test showed that the data is not normally distributed (p<0.05), 
therefore non-parametric statistical procedures were applied. The differences between winter and 
summer were analyzed using the Mann-Whitney U test. The differences between two stables on one 
farm were determined using the Wilcoxon Rank test. All statistical tests were performed at 0.05 
significance level. In this paper, only p-values higher than 0.01 are indicated, all other p-values are 
lower than 0.01. The Spearman’s rank correlation coefficients were calculated using “stable” as 
grouping variable in the test. Some averages are not shown due to insufficient data (less than 2 




4.3. Results and discussion 
 
4.3.1. Animal growth characteristics and climate conditions 
 
An overview of the measurement periods and animal growth characteristics per stable and per 
fattening period are given in Table 4.5. The first fattening period was considered as the summer 
fattening period, the second as the winter fattening period. The exact starting weight of the pigs in 
stables 3 and 4 was not known. Their weight was estimated based on the age of the pigs and the 
farmer’s experience. The average weight at the start and the end of the fattening period in farms 2 and 
3 is the average pig weight for both stables. All stables had pigs starting at approximately 23 kg, 
except farm 2, where the starting weight was approximately 40 kg per animal. All pigs were 
slaughtered at about 110 kg, except for the second farm. The required number of measurement periods 
(once per month) was reached in most cases, except for the second fattening period on farms 1 and 2. 
The missing measurement periods were due to instrument failure.  
 
The average indoor temperature, relative humidity and ventilation rate per stable and per fattening 
period are given in Table 4.6. Instrument failure resulted in some missing data. The average 
temperature per fattening period varied from 23.7 to 29.8°C. For all stables the indoor temperature was 
significantly higher in summer than in winter. The average relative humidity ranged between 47.3 and 
66.2%. The relative humidity in the winter fattening period was significantly higher except for stable 5 
where the RH was significantly higher during the summer period. This was probably due to the higher 
amount of pigs in the stable during the summer period. The average ventilation rate per animal per 








 (LU = 
500 kg liveweight of the animals). All ventilation rates were much lower than the average ventilation 




). Costa and 









 in the summer period. The ventilation rates in this study were significantly higher in summer 
compared to winter (on average 28% higher), except for stable 1. 
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Stable 1 Stable 2 
 
Stable 3 Stable 4 
 
Stable 5 Stable 6 
 
Stable 7 
Fattening period 1 2 1 2 
 
1 2 1 2 
 
1 2 1 2 
 
1 
Start date 5/03/2010 09/10/2010 5/03/2010 09/10/2010 
 
5/25/2010 9/04/2010 5/25/2010 9/04/2010 
 
7/22/2010 1/12/2011 7/22/2010 1/12/2011 
 
6/26/2009 
Average weight at 
start (kg) 
23.2 21.0 23.3 22.0 
 
± 40 ± 40 ± 40 ± 40 
 
21.3 24.3 21.3 24.3 
 
24.1 
Average weight at 
end (kg) 
114.3 114.8 113.2 110.6 
 
90.7 89.7 90.7 89.7 
 
112.8 108.6 112.8 108.6 
 
114.2 
Number of animals 
at start 
195 191 353 348 
 
148 151 86 86 
 
268 208 258 198 
 
104 
Number of animals 
at end 
194 191 350 343 
 
147 151 85 85 
 
267 206 256 190 
 
103 
Duration  fattening 
period (days) 
123 110 112 113 
 
83 80 83 80 
 






4 3 4 3 
 
3 2 3 2 
 






930 439 930 439 
 
646 445 646 445 
 
















Stable 1 Stable 2 
 
Stable 3 Stable 4 
 
Stable 5 Stable 6 
 
Stable 7 
T indoor (°C) 














RH indoor (%) 














V (m³ h-1 a-1) 
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4.3.2. Indoor concentrations 
 
The average indoor concentrations per fattening period for PM1, PM2.5 and PM10 are shown in Table 
4.7. The highest concentrations were found in stable 3 and 4. This was probably due to the fact that 
pigs entered the barn at 40 kg instead of 23 kg for the other stables. The indoor concentrations as 
shown in Table 4.7 were significantly different between winter and summer. The first 3 stables (1, 2, 
and 3) had significantly higher PM concentrations in the summer period, while in the other three 
stables (4, 5 and 6) the opposite was observed. Several authors have found significantly higher indoor 
PM10 concentrations in winter compared to summer due to the lower ventilation rates in the winter 
period (Koziel et al., 2004; Haeussermann et al., 2006; Schmidt et al., 2002). The higher 
concentrations in summertime for stables 1, 2 and 3, could be due to the lower indoor RH values in 
this period, implicating a drier indoor climate which may result in more PM formation (Takai and 
Pedersen, 2000). This was also confirmed by the negative correlation between indoor PM and RH (see 
Section 4.3.5). The difference in PM concentrations between two stables at the same farm was also 
significant, which could be attributed to the difference in number of animals, but this was not 
consistent over the different measuring periods. Furthermore, the difference between the stables 
changed with the respective PM fraction.   
The average indoor PM10 concentrations found in this research were in the range of similar research 
conducted in fattening facilities (see Table 4.1). As mentioned before, no similar research has been 
performed on the indoor concentrations of PM1 and PM2.5.Table 4.7 shows the average indoor 
concentrations per fattening period of NH3, N2O, CH4 and CO2, respectively. Because the gases were 
not measured in stables 3 and 4 in the summer period, and only once in the winter fattening period, 
these were not representative and therefore not reported. Although the gas concentrations were 
significantly different between the summer and winter fattening period (except for NH3 in stable 2 
(p=0.55)), the mean concentrations were not always the highest in the winter period. Mostly, higher 
concentrations should occur in the winter period due to the lower ventilation rates, as was observed for 
stables 5 and 6. However, this was not observed for stables 1 and 2. This shows that not only the 
season (which influences the ventilation rate) has an important influence on the indoor concentration, 
but also other parameters like animal age and outdoor temperature. 
When comparing the stables on one farm, except for NH3 on farm 1, the indoor gas concentrations 
were significantly higher in stables 2 and 6 compared to stables 1 and 5, respectively. This could be 
due to the lower ventilation rates per animal in stables 1 and 5. 
The average indoor NH3 concentrations were about the highest compared to other related studies (see 
Table 4.2), but in most stables they were still below or around the recommended limit of 20 ppm by 
the CIGR (1994). Only the study of Jacobson et al. (2006) reported higher indoor NH3 concentrations. 
Comparing the indoor greenhouse gas concentrations is hampered by the lack of comparative studies. 




the indoor CO2 concentrations were in the same range. Compared to the concentrations reported by 
Laguë (2003), our average concentrations were much higher for CH4 and N2O (128 ppm vs. 20.1 ppm, 
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Stable 1 Stable 2 
 
Stable 3 Stable 4 
 





Summer 11.7 ± 5.4 16.6 ± 18.9 
 
23.9 ± 36.4 12.7 ± 11.0 
 
9.3 ± 8.4 10.3 ± 12.8 
 
11.0 ± 7.0 
Winter 10.1 ± 5.5 7.6 ± 4.6 
 
18.3 ±16.1 25.9 ± 8.3 
 





Summer 37.3 ± 19.2 38.0 ± 21.0 
 
49.7 ± 47.6 30.2 ±14.4 
 
31.3 ±19.3 26.7 ± 30.5 
 
33.0 ± 19.1 
Winter 20.0 ± 6.3 15.2 ± 4.7 
 
34.0 ± 35.5 105.0 ± 34.8 
 





Summer 644 ± 534 629 ± 365 
 
926 ± 691 732 ± 414 
 
577 ± 353 400 ± 323 
 
617 ± 425 
Winter 477 ± 230 328 ± 106 
 
459 ± 392 1746 ± 592 
 








15.5 ± 7.5 16.7 ± 8.3 
 
21.9 ± 6.7 












0.612 ± 0.232 0.649 ± 0.213 
 
0.539 ± 0.146 












181 ± 93 193 ± 107 
 
86.0 ± 32.0 












1 944 ± 717 2 024 ± 800 
 
1 796 ± 376 












4.3.3. Emission Factors 
 
a. Differences between farms and seasonal variation 
 
The average PM and gas emission factors per stable and per fattening period are shown in Table 4.8. 
Note that these are emission factors based on one fattening period, calculated over a one year period  
for comparison purposes. The PM EF in the winter period for stable 4 was not calculated due to 
insufficient data. Except for stables 5 and 6, the highest PM EF were found for summer (up to 4 times 
higher). The lower PM EF for stables 5 and 6 can be explained by the lower indoor concentrations 
during wintertime (see Table 4.7). All differences between summer and winter fattening periods were 
significant, except for PM1 in stable 1 (p = 0.25) and PM10 in stable 5 (p = 0.07). When comparing the 
two stables on one farm, all PM EF were significantly higher in stables 2, 4 and 6, except for PM1 on 
farm 1. Nevertheless, ventilation rates were not always the highest in these stables. Comparing stables 
5 and 6 on farm 3, we could observe higher PM concentrations in the low emission stable. According 
to Aarnink et al. (2004), higher PM values can occur in a partly slatted floor if there is soiling of the 
convex solid floor. 
Similar to the PM EF, all the gas EF were significantly different between the summer and winter 
period, except for N2O in stable 5 (p = 0.67). Seasonal differences in NH3 emissions were found by 
Schmidt et al. (2002), who found significantly higher values in the summer period. However, no 
significant difference in NH3 across seasons was found by O’Shaughnessy et al. (2002). For stables 5 
and 6, the highest EF were found for the summer period, but not so for stables 1 and 2. Again, as for 
the indoor concentrations, the EF is probably determined by a combination of different parameters like 
animal age and outdoor climate. Furthermore, when comparing the two stables on each farm, all EF 
were significantly different, and this for both fattening periods. Although the indoor concentrations of 
stable 6 were significantly higher than stable 5, the gas EF were significantly lower in stable 6 
compared to stable 5. In this case the ventilation rates, which were higher in stable 5, could be an 
explaining factor. 
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Stable 1 Stable 2 
 
Stable 3 Stable 4 
 




(g yr-1 a-1) 
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b. Yearly emission factors 
 
Table 4.9 shows the yearly average indoor concentrations and EF for PM and gases for the 
conventional stables (based on stables with both summer and winter EF) and the low emission stable 
(stable 5), together with the standard deviation for the tested conventional farms. 









) was amongst the lowest (see Table 4.1). This could probably be related with the 
relatively low ventilation rates for the stables in our research. The PM2.5 EF reported by Mosquera et 
al. (2011) are in the same range as the PM2.5 EF of our research. Jacobson et al. (2006) and Mosquera 
et al. (2011) concluded that the EF of PM10 are approximately 10 times higher than those of PM2.5. 
This can also be concluded from the results shown in Table 4.9. The standard deviation between farms 
is relatively large (Table 4.9). This is probably due to a combination of different factors, like 
management, feeding and ventilation.  
For the PM emission factor, no correction is applied for the PM concentration of the incoming air. 
According to Aarnink et al. (2011) in a conventional rearing facility 1, 15 and 50% of the indoor PM10, 
PM2.5 and PM1, respectively concentration can be allocated to the incoming ambient air. Similarly, 
these authors found a contribution of 2, 25 and 56% for the low emission stable. When taking this into 
account, the EF for conventional rearing facilities reported in Table 4.9 would be reduced to 1.7, 6.7 




 for PM1, PM2.5 and PM10, respectively. Accordingly, the yearly EF of the low 




 for PM1, PM2.5 and PM10. 
The average yearly emission factors of NH3 and CO2 (Table 4.9) were found to be among the lowest 
compared to other similar studies (Table 4.2). This was not the case for the indoor concentrations of 
these two gases, which were among the highest compared to literature. Again this phenomenon could 
be explained by the observed low ventilation rates compared to other stables in Europe (see Section 
4.3.1).  
The average yearly emission factor of N2O (Table 4.9) was comparable to the studies of Costa and 
Guarino (2007) and Philippe et al. (2007), but much higher than the EF reported by Mosquera et al. 
(2011).  
The average yearly EF of CH4 (Table 4.8) was in the range of the EF found in literature (Table 4.2). 
Mosquera et al. (2011) reported a 50% higher EF for CH4, while the EF of Philippe et al. (2007) was 
about 40% lower. Large differences in EF between farms (and also indoor concentrations) for N2O and 
CH4 can be due to the differences in farm management (Osada et al., 1998; Haeussermann et al., 
2006).  
The obtained EF for PM2.5, PM10 and NH3 could be compared to the EF used by the Flemish 













 for NH3), our measured values were 
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significantly lower. This confirms the urgent need to update the EF used for policy purposes by the 
Flemish Government and further research. 
The average indoor concentrations and yearly EF of the BAT facility (stable 5) are shown in Table 




 as described in the 
Flemish legislation (Ministrial Decree, 2011). Mosquera et al. (2011) also performed research on this 









), but our EF of N2O and CH4 were respectively 94% and 78% higher 
than those found by Mosquera et al. (2011). The PM10 EF of Mosquera et al. (2011) for this low 




, which was almost twice as high as the EF in our study for the 




). The PM2.5 EF reported by Mosquera et al. (2011) was in the same 










Table 4.9 Average indoor concentrations and yearly emission factors for PM1, PM2.5 and PM10 and NH3, 






Conventional systems BAT1 
 
 
Conventional systems BAT1 
PM1 (µg m
-3) 15.0 ± 4.9 14.2 
 
PM1 (g yr
-1 a-1) 3.4 ± 2.1 2.3 
PM2.5 (µg m
-3) 38.9 ± 17.1 41.2 
 
PM2.5 (g yr
-1 a-1) 7.8 ± 3.1 7.3 
PM10 (µg m
-3) 719 ± 301 595 
 
PM10 (g yr
-1 a-1) 99.9 ± 27.3 85.3 
NH3 (ppm) 18.7 ± 1.1 16.3 
 
NH3 (kg yr
-1 a-1) 2.2 ± 1.4 1.6 
N2O (ppm) 0.817 ± 413 0.731 
 
N2O (g yr
-1 a-1) 154 ± 126 136 
CH4 (ppm) 128 ± 9.4 164 
 
CH4 (kg yr
-1 a-1) 10.4 ± 9.42 19.5 
CO2 (ppm) 2034 ± 312 2156 
 
CO2 (kg yr
-1 a-1) 420 ± 312 545 
1
Best Available Technique, partly-slatted floor with manure channel with slanted side walls. 
 
4.3.4. PM Size Distribution 
 
The particle size distribution (PSD) can be defined as the average PM mass per fraction divided by the 
aerosol diameter. As the spectrometers measured the PM in certain diameter ranges, the average 
particle diameter was used per range (f.e. the PM class 3.5 to 4 µm had an average particle diameter of 
3.75 µm).  
Figure 4.2 shows the average PSD of three data series: (1) all data obtained from the measurements at 
3 farms during 2 fattening periods (IC and sampled at the ventilation exhaust), (2) the data of the 
indoor PM and (3) the data of PM sampled at the ventilation exhaust (emission).  The PSD found in 
this study was similar to the PSD found in Section 3.2.3.2. The indoor aerosols showed clearly higher 




exhaust contained relatively higher concentrations of small PM (<0.65 µm). This can be explained by 
the fact that larger particles (>5 µm) are less subjective to the airstream and therefore more retained in 
the stable (Takai et al., 1998).  
Figure 4.3 shows the PSD of the indoor concentrations of stables 5 and 6. These two stables were 
almost identical, except that stable 5 was a BAT (see Table 4.3). The ratio between concentration and 
particle diameter was significantly higher in stable 5. The highest concentration differences could be 
found in the PM with a diameter of approximately 5 µm and approximately 10 µm. The larger PM 
fractions originate mainly from manure (Cambra-Lopez et al., 2011) and are likely to be formed by 



























Fraction range (µm) 
Stable 1, 2, 3, 4 and 6 all data Stable 1, 2, 3, 4 and 6 average indoor concentrations
Stable 1, 2, 3, 4 and 6 average emission concentrations








Table 4.10 shows the Spearman’s rank correlation coefficients for different variables such as stable 
characteristics, ventilation rate, environmental parameters (temperatures, RH) and EF and IC. Most 
correlations were relatively low (<0.6), but still significant. 
Indoor PM1, PM2.5, PM10 concentrations were mutually significantly correlated (0.46 to 0.77). 
Furthermore, these concentrations were, although low (0.21 to 0.41), significantly positively correlated 
with the age of the animals (expressed in weeks), but negatively correlated to the number of animals.  
The indoor gas concentrations had also relatively high mutual correlations (0.57 to 0.70). The four 
measured gases were significantly negatively correlated with the ventilation rate. A negative 
correlation between ammonia and ventilation rate was also found by Kim et al. (2007). Remarkable is 
the negative correlation of indoor NH3 with indoor temperature, while positive correlations were found 
for the other gases. The indoor CH4 concentrations were relatively highly correlated to the farm (0.45), 
which could be an indication of the effect of management on the CH4 concentrations (Osada et al., 
1998; Haeussermann et al., 2006). Also ventilation type (channel or side wall ventilation) was 
significantly correlated to the indoor concentrations of N2O and CH4 (respectively 0.49 and 0.44). 
Notable were the negative correlations between the indoor gas and PM concentrations, although these 
were not always significant. 
Similar to the indoor concentrations, the emissions of the three PM fractions were relatively strongly 






















Fraction range (µm) 




concentrations (0.80 and 0.56, respectively). Similar to the research of Philippe et al. (2007), 
significant correlations between gas emissions were found, with a remarkably high correlation of 0.95 
between the emissions of CH4 and CO2.  
Furthermore, the ventilation rate had a correlation of 0.61 and 0.59 with the emissions of NH3 and 
N2O. The temperature was significantly related to the emission of N2O and CO2 (0.52 and 0.49). A 
strong correlation could be found between the difference of the indoor and outdoor temperature and 
the emissions of the three PM fractions, NH3 and N2O (between 0.50 and 0.81).  
Overall we observed large differences in correlations for both PM and gases. Moreover, a clear 
difference was seen between the correlations with the indoor concentrations and the emission factors.  
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Table 4.10 Spearman's rank correlation coefficients for different experimental variables. 
    Stable Characteristics Outdoor Indoor IC EF 






Period   Age   No a   T   RH   V    T  
 Tin - 
Tout   RH   PM1    PM2,5    PM10    NH3    N2O    CH4    CO2    PM1   
 
PM2,5    PM10    NH3    N2O    CH4    CO2   
 Outdoor  
T  -0,12 -0,07 -0,37 -0,32 -0,03 -0,04 1,00 
                   
RH  0,01 0,01 0,16 0,14 0,02 0,02 -0,48 1,00 
                  
 Indoor  
V  -0,46 -0,29 -0,27 -0,34 -0,03 -0,43 0,78 -0,35 1,00 
                 
T  0,37 0,44 -0,14 0,13 0,31 0,42 0,72 -0,37 0,30 1,00 
                
Tin - Tout  -0,08 0,07 -0,15 -0,03 0,23 -0,12 0,88 -0,56 0,83 0,40 1,00 
               
RH  -0,08 -0,06 0,01 -0,21 -0,29 -0,06 -0,15 0,49 -0,03 -0,20 -0,06 1,00 
              
IC 
 
PM1   -0,17 -0,15 0,11 0,18 0,21 -0,14 -0,24 0,08 -0,09 -0,22 -0,20 -0,25 1,00 
             
PM2,5   -0,12 -0,11 -0,06 0,22 0,41 -0,10 -0,22 -0,01 -0,12 -0,07 -0,20 -0,12 0,77 1,00 
            
PM10   -0,01 -0,04 0,00 0,23 0,35 -0,15 -0,04 -0,14 -0,02 0,17 -0,03 -0,03 0,46 0,69 1,00 
           
NH3   -0,06 -0,02 0,13 -0,13 -0,09 -0,10 -0,36 0,30 -0,36 -0,45 -0,34 0,18 -0,00 -0,11 -0,22 1,00 
          
N2O   0,12 0,49 0,21 0,02 0,05 0,44 -0,22 0,11 -0,17 0,50 0,27 0,39 -0,06 -0,23 -0,22 0,57 1,00 
         
CH4   0,45 0,44 0,02 -0,11 0,05 0,13 0,03 0,16 -0,10 0,32 0,20 0,30 -0,34 -0,41 -0,34 0,60 0,59 1,00 
        
CO2   0,22 0,25 0,26 0,25 0,30 0,03 -0,43 0,31 -0,48 0,28 -0,13 0,32 -0,02 -0,05 -0,06 0,69 0,65 0,70 1,00 
       
EF 
PM1   -0,47 -0,37 -0,06 0,03 0,18 -0,27 0,15 -0,13 0,55 -0,12 0,60 -0,24 0,80 0,56 0,30 -0,26 -0,08 -0,34 -0,34 1,00 
      
PM2,5   -0,50 -0,40 -0,08 0,18 0,33 -0,19 0,10 -0,18 0,48 -0,31 0,50 -0,23 0,63 0,74 0,44 -0,36 -0,36 -0,47 -0,39 0,86 1,00 
     
PM10   -0,28 -0,27 0,00 0,23 0,35 -0,22 0,33 -0,31 0,50 0,27 0,61 -0,10 0,31 0,38 0,76 -0,45 -0,17 -0,23 -0,23 0,58 0,69 1,00 
    
NH3   -0,08 0,07 -0,16 -0,50 -0,58 0,17 0,53 -0,08 0,61 0,34 0,81 0,16 -0,27 -0,45 -0,33 0,29 0,16 0,31 -0,00 0,09 -0,13 -0,05 1,00 
   
N2O   0,11 0,54 -0,05 -0,38 -0,32 0,62 0,35 -0,13 0,59 0,52 0,73 0,23 -0,22 -0,42 -0,29 0,30 0,64 0,40 0,14 0,15 -0,18 -0,01 0,66 1,00 
  
CH4   -0,15 0,30 0,01 -0,26 -0,37 0,42 0,22 -0,03 0,12 0,14 -0,06 0,46 -0,28 -0,62 -0,50 0,29 0,33 0,36 0,12 -0,17 -0,54 -0,29 0,39 0,45 1,00 
 
CO2   0,06 0,49 -0,07 -0,22 -0,20 0,59 0,24 -0,06 0,18 0,49 0,17 0,52 -0,31 -0,53 -0,43 0,31 0,46 0,50 0,30 -0,18 -0,45 -0,22 0,44 0,55 0,95 1,00 
V Type: ventilation type 
F Period: fattening period 
M Period: measurement period 
No a: number of animals in the barn 
Tin – Tout: difference between indoor and outdoor temperature 
IC: indoor concentrations 
EF: Emission factors 






Six pig fattening stables were sampled during two fattening periods. For the conventional stables, the 
average indoor PM concentrations were 15.0, 38.9 and 719 µg m
-3
 for PM1, PM2.5 and PM10, 
respectively. The average indoor gas concentrations for these stables were 18.7, 0.817, 128 and 2034 
ppm for NH3, N2O, CH4 and CO2, respectively. The emission factors (EF) of the conventional 




 for PM1, PM2.5 and PM10 

















for CO2.   
The indoor concentrations were mostly higher than the concentrations found in literature, but the 
emissions were lower compared to other research. This was probably due to the low ventilation rates 
in the stables monitored during this study. 
A facility with a reducing emission technique (Best Available Techniques (BAT), European 
Commission, 2003) was also measured. The NH3 EF of this stable exceeded the required EF, but was 
lower than the EF found by a similar research (Mosquera et al., 2011). 
Both for the concentrations and emissions, there was a significant difference (p<0.05) between the two 
fattening periods as well as between the two stables on one farm. 
Most measured parameters in this research were significantly correlated, but the correlations were 
overall relatively low. When assessing these correlations, clear distinction should be made between  
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Farmer and veterinarian exposure levels of particulate matter and gases 
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During the last decades an increased interest is shown for the impact of particulate matter (PM) on 
human health. Upscaling and specialisation of pig farms has caused an increase in working hours 
inside the confinement buildings, increasing the exposure towards PM. 
The European regulation for dust concentrations in workplace environment (EN 481, 1993) defined 
different particle sizes that need to be considered when evaluating occupational health (see Section 
1.2.1). Today, no occupational exposure limits are assessed at European level. In Belgium, the 
workplace air quality is regulated according to the Royal Decree of 30 June 2011 (Belgisch Staatsblad, 
2011). This regulation provides concentration limits of 3 and 10 mg m
-3
, for respirable and inhalable 
PM concentrations, respectively, over a reference period of 8 hours (a time weighted average or 
TWA). The PM of interest is collected by personal sampling with well-defined instruments (EN 481, 
1993).  
Previous work by Donham et al. (1991) and Reynolds et al. (1996), suggested exposure limits for 
swine confinement workers of 2.40 mg m
-3
 for total dust and 0.23 mg m
-3
 for respirable PM. 
Measurements of PM in mechanically ventilated pig fattening houses showed concentrations of 0.40 to 
4.56 mg m
-3
 for inhalable dust, while the respirable PM fraction varied from 0.04 to 0.85 mg m
-3
 
Aarnink et al., 2004; Haeussermann et al., 2006a; Takai et al, 1998; Schmidt et al., 2002). However, 
most of these PM measurements were obtained by stationary sampling in the pig house and over a 
whole day (24 hours). In contrast, PM measurements for exposure assessments, must take place during 
the daytime when indoor PM concentration levels can be up to 50% higher compared to the night time 
(Sections 3.2 and 3.3). 
A study of Radon et al. (2001) showed that pig farmers have, compared to other agricultural 
employees, the highest prevalence of occupational airway diseases regarding work-related respiratory 
symptoms and asthma-like syndrome. PM emissions can also influence the air quality in the vicinity of 
livestock buildings, causing health problems for nearby habitants (Pope et al., 2002). According to 
Harry (1987), PM has an impact on human health due to its irritating effect on the respiratory tract, but 
also due to its role as a carrier of potential pathogenic micro-organisms. PM in pig fattening houses is 
a carrier of different micro-organisms like bacteria, fungi and endotoxins (Doekes et al., 1998; 
Andersson et al., 1999). An "endotoxin" is a toxin which is part of the outer membrane of the gram 
negative bacteria and is known to play an important role in occupational lung diseases (Doekes et al., 
1998). The inhalation of organic dust and endotoxins can cause different symptoms and diseases and is 
the most important provoker of the inflammatory process in the lungs (Mackiewicz, 1998). Bacteria 
recovered from air in livestock houses are mostly gram positive bacteria, like Bacillus spp. and 
Staphylococcus spp. (Radon et al., 2002; Andersson et al., 1999). According to Lee et al. (2006), the 
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most prevalent airborne fungal spores in agriculture environments are: Aspergillus spp., Penicillium 
spp., Basisiospores, and Cladosporium. 
Besides PM, also indoor gas concentrations in agricultural houses can cause health problems. 
Ammonia (NH3) threshold values of 20 ppm for an 8-hour reference period (TWA) are recommended 
by the European council (2000). The short term exposure limit (STEL) over a period of 15 minutes, is 
50 ppm. For CO2 a TWA of 5 000 ppm is recommended, no STEL value is available at the moment 
(EU, 2006).  
Donham et al. (1991) executed measurements of NH3 and CO2 in pig fattening houses to assess 
exposure limits for workers. They concluded that a TWA limit of 7 ppm for NH3 and 1 540 ppm for 
CO2 was to be recommended. Other research has shown that NH3 concentrations between 24 and 50 
ppm can cause nose and throat irritation after more than 10 minutes exposure (Cheminfo, 2000). Short 
duration (30 seconds) exposure to 100 ppm ammonia leads to nasal irritation and increases nasal 
airway resistance (Mclean et al., 1979). 
 
The objectives of this research were:  
 To assess PM (inhalable, respirable, PM10, PM2.5 and PM1) exposure levels of different 
operational tasks in the fattening house, both for the farmer and the veterinarian. 
 To estimate the time weighted average (TWA) PM exposure for both the farmer and the 
veterinarian, based on the exposure measurements for their respective operational tasks. 
 To investigate the effects of pig age, pen floor type and cleaning of the pens on the personal 
PM exposure. 
 To evaluate personal versus static PM sampling in the pig house. 
 To evaluate the exposure to indoor gases (NH3, CH4, and CO2) in the fattening house during 






All measurements were performed in two mechanically ventilated pig fattening houses during 6 
different days in April and May 2012. 
Measurements at farm 1: farm 1 is situated in Melle (Belgium) and is part of the ILVO research 
facilities. This pig house was a conventional one with a fully slatted floor. During the experiments, the 
pig house was occupied with fatteners ranging from 30 to 100 kg. Feeding was done manually with 
pelleted feed. 
Measurements at farm 2: farm 2 was situated in Diksmuide (Belgium) and consisted of 8 
compartments. Four of them were conventional compartments with fully slatted floors, the other four 
had a reduced emission surface in the pit and partially slatted floors. During a first series of 
experiments at farm 2, two groups of pigs with an age difference of 4 weeks were evenly divided over 
the compartments. The younger group occupied 4 compartments with an average weight of 109 kg; the 
older group occupied the other 4 compartments and had an average weight of 114 kg. A second series 
of experiments was conducted in the same 8 compartments, after four compartments were cleaned and 
refilled with small piglets (approximately 23 kg). The other four compartments were not cleaned 
before the measurements and contained older fatteners.  
At farm 2 the feed was not pelleted and delivered automatically in the troughs by a feeding chain, 
which was manually started when entering the compartment of the pig house. 
All PM concentration measurements were performed with a Grimm spectrometer 1.109 (Grimm 
Aerosol Technik GmbH & Co. KG, Ainring, Germany). This instrument measures continuously, with 
an average concentration output every 6 seconds. This instrument also measures simultaneously both 
workplace related PM fractions (inhalable, respirable according to EN 481 (1993)) and PM10, PM2.5 
and PM1. PM concentrations were obtained both by personal and static sampling. For the personal 
sampling, the spectrometer was carried by the person of interest (farmer or veterinarian) at chest 
height. The indoor static PM measurements were obtained in the central pen of the compartment and 
at animal height (0.8 m). At this same location, indoor static gas measurements (NH3, CH4, and CO2) 
were performed with an infrared photo acoustic detector (1314 multigas monitor, Innova Air Tech 
Instruments, Santa Clara, USA), which was connected to a multi sampler (CBISS, a1-envirosciences 
ltd., Wirral, UK). Gases were measured once per hour. 
All measurements were performed during specific tasks of the farmer or veterinarian. For each task the 
average PM or gas concentration was calculated for the respective task duration. The following indoor 
operational tasks were monitored: 
(1) sampling of pig blood by the veterinarian; 
(2) pig vaccination by the farmer; 
(3) control walk with the start of the automated feeding by the farmer; 
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(4) control walk by the farmer with the manual feeding (Fig. 5.1); 
(5) moving pigs out of the pens for weighing by the farmer and the veterinarian; 
(6) weighing of the pigs by the veterinarian; 
(7) shovelling by the farmer of pelleted feed from bags into buckets for distribution of the feed; 
(8) control walk of the farmer in the central alley. 
An overview of the performed measurements for each operational task of the farmer or veterinarian is 
given in Table 5.1. A measurement repetition was counted if the operational task was interrupted by 
another operational task during measurements, or if the operational task was performed and measured 
in different compartments. Blood sampling and weighing of the pigs at farm 2 were executed within 
the framework of an extended research on the effect of PM on animal health. 
 
Table 5.1 Overview of the performed measurements for each operational task with sampling location (1=farm 1, 






task time (min) 
Repetitions 
(1) 2 veterinarian 23 5 
(2) 1 farmer 4 1 
(3) 2 farmer 1 14 
(4) 1 farmer 8 6 
(5) 1 farmer 59 2 
(5) 2 veterinarian 27 19 
(6) 2 veterinarian 13 23 
(7) 1 farmer 7 7 
(8) 1 farmer 6 3 
(8) 2 farmer 5 6 
(1) sampling of pig blood by the veterinarian; 
(2) pig vaccination by the farmer; 
(3) control walk with the start of the automated feeding by the farmer; 
(4) control walk by the farmer with the manual feeding (Fig. 5.1); 
(5) moving pigs out of the pens for weighing by the farmer and the veterinarian; 
(6) weighing of the pigs by the veterinarian; 
(7) shovelling by the farmer of pelleted feed from bags into buckets for distribution of the feed; 
(8) control walk of the farmer in the central alley. 
 
 All statistical analyses were performed using SPSS 19.0 (SPSS Inc., Chicago, Il, USA). A 
multivariate ANOVA test was performed at 0.05 significance level to evaluate PM results from 
different operational tasks and to evaluate the effect of age, pen floor type and cleaning of the pens, on 






Fig. 5.1 PM concentration measurements by personal sampling of the farmer during manual feeding. Sampling inlet is 




5.3.1. Farmer and veterinarian exposure levels of PM (personal sampling) 
 
Table 5.2 shows the mean concentrations, standard deviations (S.D.) and maximum concentrations for 
the different PM fractions obtained by personal sampling during each operational task. Figure 5.2 
shows the mean inhalable and respirable PM concentrations per task and per pig house. Single peak 
concentrations were considered to be artefacts and were removed from the dataset. Maximum 
concentrations as shown in Table 5.2, occurred several times. 
For each PM fraction, all measured concentrations per task were significantly different (p<0.0001). 
The highest inhalable concentrations were measured during feed shovelling, with a maximum 
concentration of 730 mg m
-3
. The highest respirable PM, PM10, PM2.5 and PM1 concentrations were 
measured during blood sampling. The measured PM concentrations were significantly higher during 
manual feeding compared to automated feeding, especially for the larger fractions inhalable PM and 
PM10. For most operational tasks, the standard deviations of the measured PM concentrations were 
relatively large suggesting also large exposure variations during the activities. 
The task of moving the pigs out of the pens for weighing, was performed on both farms. The measured 
concentrations were significantly different for PM10, PM2.5 and PM1 (p<0.0001) and inhalable PM (p = 
0.046), but not so for the respirable PM fraction (p = 0.107). Still, the mean concentrations of 
inhalable and respirable PM were in the same range for both farms, as can be observed in Figure 5.2. 
Furthermore, it can be observed in Figure 5.2 that the ratio between the inhalable and the respirable 
PM fractions, differed according to the performed operational task. Automated feeding showed a 
relatively high concentration of respirable PM compared to inhalable PM, while for manual feeding 
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and feed shovelling the opposite was observed. Probably the effect of feed type (pelleted versus non 
pelleted) played an important role in the PM fraction ratio. 
 
Table 5.2 Mean inhalable PM, respirable PM, PM10, PM2.5 and PM1 concentrations per operational task, with 













Mean S.D. Max 
 
Mean S.D. Max 
 
Mean S.D. Max 
 
Mean S.D. Max 
 
Mean S.D. Max 
(1) 20.0 32.2 368 
 
1.33 0.85 7.1 
 
4.9 3.2 17 
 
0.53 0.38 3.5 
 
0.077 0.034 0.24 
(2) 6.0 3.7 16 
 
0.36 0.20 0.7 
 
1.6 0.8 3 
 
0.13 0.08 0.4 
 
0.025 0.008 0.05 
(3) 3.9 2.3 11 
 
0.44 0.23 1.2 
 
1.6 0.9 4 
 
0.18 0.10 0.5 
 
0.032 0.012 0.06 
(4) 28.2 38.1 259 
 
0.48 0.57 5.8 
 
2.7 2.5 15 
 
0.19 0.43 5.0 
 
0.024 0.023 0.27 
(5) 15.2 19.4 456 
 
0.80 0.57 10.2 
 
3.9 2.5 31 
 
0.29 0.29 9.0 
 
0.047 0.027 0.40 
(6) 3.9 9.8 261 
 
0.22 0.34 11.4 
 
0.9 1.3 29 
 
0.10 0.22 9.8 
 
0.033 0.014 0.32 
(7) 46.4 67.6 730 
 
0.76 0.66 4.1 
 
4.8 4.1 23 
 
0.24 0.33 2.9 
 
0.034 0.025 0.21 
(8) 5.13 11.8 89 
 
0.15 0.15 0.9 
 
0.6 0.7 5 
 
0.07 0.07 0.5 
 
0.021 0.012 0.05 
(1) sampling of pig blood by the veterinarian; 
(2) pig vaccination by the farmer; 
(3) control walk with the start of the automated feeding by the farmer; 
(4) control walk by the farmer with the manual feeding (Fig. 5.1); 
(5) moving pigs out of the pens for weighing by the farmer and the veterinarian; 
(6) weighing of the pigs by the veterinarian; 
(7) shovelling by the farmer of pelleted feed from bags into buckets for distribution of the feed; 







Fig. 5.2 Mean inhalable and respirable PM concentrations per operational task and per farm. 
 
5.3.2. Typical PM concentration patterns during personal sampling 
 
An advantage of using the spectrometers is the semi-continuous output (every 6 seconds), which 
allowed a detailed investigation of the PM exposure. As an example two operational tasks were 
selected to show the exposure evolution during the operational task. 
Figure 5.3 shows the inhalable and respirable PM concentration patterns, measured at farm 1 by 
personal sampling, during 3 repetitions of manually shovelling pelleted feed from bags into buckets 
for distribution in the pig house. As the PM concentrations were measured every 6 seconds, different 
peak concentrations could be observed and attributed to specific partial operational tasks, like 
shovelling the feed out of the bag (arrow 1 on Fig. 5.3), and filling the bucket with feed (arrow 2 on 
Fig. 5.3). These peaks were noticed for both the inhalable and respirable fraction. Occasionally, high 
peak concentrations occurred due to PM clouds created when filling the buckets. Peak concentrations 
of the inhalable and respirable fractions were not always observed at the same moment. This was 
probably due to the different behaviour of these fractions: inhalable PM consists of larger particles 
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Fig. 5.3 Inhalable and respirable PM concentration patterns during feed shovelling in the pig house at farm 1. (1) 




Fig. 5.4 Inhalable and respirable PM concentration patterns for the control walk with automated feeding. The arrows 



























































































Figure 5.4 shows the inhalable and respirable PM concentration patterns, measured at farm 2 by 
personal sampling, during the control walk with automated feeding in the different compartments. 
Entering the compartment, the concentrations of both PM fractions increased with a factor 10. Much 
lower concentrations were observed when the farmer was moving from one compartment to another 
via the central alley. In total 7 compartments were checked by the farmer. The fourth peak in the graph 
was caused by shortly re-entering the previous compartment. The data from the measurements at the 
eighth compartment were removed as there was a problem with the feed chain. 
 
5.3.3. Effect of pig age, pen floor type and cleaning on the PM exposure levels (personal 
sampling) 
 
At farm 2 the effect of pig age, pen floor type and cleaning could be observed on the personal PM 
exposure levels for the farmer during a control walk with automated feeding (operational task 3). 
These measurements were performed twice with a 4 week interval. After the first measurement period, 
four compartments were cleaned and refilled with young piglets. The other four compartments were 
not cleaned and contained older fatteners. 
During the first measurement period and over all the measured compartments, no significant 
differences in PM concentration were found during this specific operational task, except for the 
respirable PM fraction (p = 0.011) and PM1 (p = 0.018) between 2 compartments with the same floor 
type and different pig age. Overall, these results suggest that pig age nor floor type, had a significant 
effect on the personal exposure levels. 
During the second measurement period, significantly different concentrations of inhalable PM, PM10, 
PM2.5 and PM1 were found between 2 compartments with the same floor type, different pig age and 
different cleaning, and also between 2 compartments with different floor type, same pig age and same 
cleaning. As for the first measurement period, all measured PM concentrations in the other 
compartments did not differ significantly. So also from this second measurement period it could be 
concluded that floor type, pig age and cleaning of the pens had no significant influence on the personal 
measured PM concentration. 
Furthermore, comparing the results of both measurement periods, significantly lower PM 
concentrations were measured for all fractions and for all compartments during the second 
measurement series (e.g. 39 to 83% lower values over all compartments for inhalable PM). According 
to the statistical test however, these lower PM concentrations could not be attributed to cleaning nor to 
pig age (no significant interaction between cleaning treatment/pig age and day of measurement). 
Overall, this led to the conclusion that pig age (4 weeks age difference), pen floor type (fully or 
partially slatted) nor cleaning had a significant effect on the personally sampled PM concentrations. 
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Most probably, the operational task performed in the pig house is the main influencing factor on the 
PM concentration exposure levels. 
 
5.3.4. Personal versus static PM sampling 
 
During some measurements at farm 2, simultaneous personal and static indoor sampling was 
performed. In total, 7 such comparison tests were made, spread over different compartments. On 
average, the concentrations obtained by personal sampling, were 7 to 25 per cent higher than those by 
static sampling. The highest concentration differences were measured for PM1. For this PM fraction, 
still a high correlation (R = 0.79) was found between concentrations obtained by personal and static 
sampling. Similar, relatively high correlations were found for inhalable PM and PM10 (R = 0.54 and R 
= 0.53 respectively). For the respirable PM and PM2.5, the R values were lower, at 0.36 and 0.07 
respectively. 
 
5.3.5. Farmer and veterinarian exposure levels of gases (static sampling) 
 
Indoor concentrations of NH3, CH4, and CO2 were measured statically during three operational tasks 
on farm 2. The results are shown in Table 5.3. In general, all respective gas concentrations remained 
fairly constant during the different operational tasks. The NH3 concentrations varied from 18.3 to 19.6 
ppm, for CH4 from 47.0 to 57.2 ppm, and for CO2  from 1 222 to 1 330 ppm. 
It could be noted that these concentrations were relatively low compared to those measured during 
wintertime in the same pig house (unpublished results). During the winter period of 2012, indoor 
concentrations increased with a factor 5 compared to the concentrations measured during this research 
period. 
 
Table 5.3 Indoor gas concentrations (ppm) during different operational tasks in the pig house of farm 2. 
Operational task NH3 CH4 CO2 
(1) 18.3 47.0 1 222 
(3) 19.6 57.2 1 275 
(5) 19.4 51.7 1 330 
(1) sampling of pig blood by the veterinarian; 
(3) control walk with the start of the automated feeding by the farmer; 






As farm operational tasks can vary in time and also differ per farmer or veterinarian, it is important to 
have specific exposure concentration levels per operational task performed in the pig house. This way, 
it is possible to make reliable estimations of the 8 hour daily exposure levels (TWA). Still, few authors 
have reported such data. O’Shaughnessy et al. (2010) measured a mean exposure concentration of 1.93 
mg m
-3
 during feeding (both manual and automated) for inhalable dust, which was up to 15 times 
lower than the concentrations measured in this research. Furthermore, O’Shaughnessy et al. (2010) 
reported a maximum inhalable PM concentration of about 55 mg m
-3
 during the operational task of 
moving of the pigs. This value was also significantly below the maximum concentrations measured in 
this research. Winkel and Aarnink (2009) reported an exposure level for PM10 between 1.1 and 1.6 mg 
m
-3
 during the weighing of fattening pigs, which was somewhat higher than the mean concentration 
measured in this research (0.9 mg m
-3
). It must be noted that the PM concentrations during manual 
feeding could have been higher, since the use of pelleted feed can cause a significant decrease in PM 
concentrations of up to 20% (Winkel et al., 2011) 
As most farms not only have fattening pigs, and since farmers and veterinarians perform a variety of 
tasks which extend those investigated in this research, it is always difficult to make a consistent 
estimation of the respective 8 hour exposure levels. Still, these measurements can be used to make 
useful estimations since the monitored tasks represent an important part of the indoor operational tasks 
for both farmer and veterinarian. 
Considering for example an 8 hour shift of the farmer at farm 2, spending half an hour feeding the 
pigs, 1 hour moving pigs, 1 hour weighing them and spending the rest of the time in the central alley 
of the pig house, the total exposure to inhalable and respirable PM during an 8 hour shift (TWA) 
would be 6.0 ± 8.8 and 0.29 ± 0.14 mg m
-3
, respectively (based on values from Table 5.2). If the 
automated feeding would be replaced by manual feeding during 1 hour and an additional half an hour 
of shovelling feed, the TWA values become 9.9 ± 7.1 and 0.23 ± 0.08 mg m
-3
 for inhalable and 
respirable PM, respectively. 
A similar example can be given for a veterinarian. Suppose a veterinarian performed eight farm visits 
during a working day, spending on average 10 minutes to inspect the pig houses (comparable to 
automated feeding and control by the farmer) and doing 30 minutes of blood sampling. The PM 
exposure in between farm visits can be neglected. Based on the exposure levels from Table 5.2, the 
TWA exposure of the veterinarian would be 10.6 ± 16.1 and 0.74 ± 0.43 mg m
-3
 for the inhalable and 
respirable PM fraction, respectively. 
These calculated TWA exposure levels of inhalable PM for both farmer and veterinarian were close or 
even higher than the exposure limit of 10 mg m
-3
 as recommended by the Belgian legislation (Belgisch 
staatsblad, 2011), especially considering the standard deviations. Furthermore, both inhalable and 
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respirable PM exposure levels exceed the limits which were suggested by Donham et al. (1991) and 
Reynolds et al. (1996). It must be noted that these latter exposure limits are significantly lower than 
the regulated ones. This is probably related to the specific aerosol composition in fattening houses 
were also high amounts of micro-organisms are encountered (as described in Section 5.2). 
Evaluating the indoor gas concentrations, distinction should be made between NH3 and CO2 at the one 
hand, and CH4 at the other. For the first two gases, the TWA nor the STEL limits were exceeded 
during the measurements (see Section 5.1). Still, the STEL value for NH3 was exceeded during 
previous measurements performed during the winter period. Furthermore, the measured NH3 
concentrations were all higher than 7 ppm, which is the exposure limit suggested by Donham et al. 
(1991).  
For CH4 no exposure limitations are suggested. The exposure to CH4 in agricultural houses has been 
judged to have a low health impact (Doekes et al., 1998). CH4 is a non-toxic gas beneath the 
concentration of 50 000 ppm (Lemay et al., 2002), which is high compared to the measured 
concentrations in this research.  
When comparing personal sampling versus static sampling, PM concentrations obtained by the first 
were significantly higher than the ones obtained by the latter. Similar findings were reported by 
Cherrie et al. (1999), comparing different aerosol concentrations as measured by personal and static 
sampling at different industrial sites. According to Vincent (2007) this is due to the fact that workers 
tend to be located closer to the PM emitting sources than the static samplers. Furthermore, workers can 
create ‘personal dust clouds’ due to their own specific operational tasks. So probably, this 
concentration difference could be even larger when the static sampling in the pig house is conducted 
further away from the personal sampling. In our research, the static sampling was performed in the 
middle of the pen at animal height. This is relatively close to the ‘personal dust clouds’ of the animals 
which can occur during a higher animal activity caused by the farmer or veterinarian entering the pig 
house. It can also be noted that the personally sampled inhalable PM concentrations of this research 
were generally higher than the statically measured concentrations found in literature (see Section 5.2). 
Based on the maximum measured concentrations during these experiments, it can be concluded that 
the personal exposure to PM can instantly become extremely high during some operational tasks in the 
fattening pig house. Appropriate personal protective equipment, such as dust masks, are therefore 
advised. 
Furthermore, measurements have not been performed under the most unfavourable conditions, that is 
during the winter period. During this period an increase of the personal exposure levels can be 
expected as indoor concentrations of PM10, PM2.5 and PM1 and gases (NH3, N2O, CH4 and CO2) can 






During some working operational tasks in the fattening pig house, both farmer and veterinarian were 
exposed to relatively high concentrations of PM. The highest inhalable concentrations were measured 
during feed shovelling, with a maximum concentration of 730 mg m
-3
. The highest respirable PM, 
PM10, PM2.5 and PM1 concentrations were measured during blood sampling.  
Based on the individual exposure levels per task, the TWA exposure levels of inhalable and respirable 
PM can be estimated for the farmer and veterinarian. These levels were 6.0 and 0.29 mg m
-3 
for the 
farmer, and 10.6 and 0.74 mg m
-3
 for the veterinarian, respectively. These calculated TWA exposure 
levels of inhalable PM for both farmer and veterinarian were close or even higher than the exposure 
limit of 10 mg m
-3
 as recommended by the Belgian legislation (Belgisch staatsblad, 2011), especially 
considering the standard deviations. Furthermore, different authors suggested even lower exposure 
limits as mentioned in this legislation, which were exceeded for both the inhalable and respirable PM 
fraction. 
Based on this research, there was no clear effect of pig age, pen floor type or cleaning of the pig house 
on the personal exposure levels. It was concluded that these levels were mainly determined by the 
operational task performed by the farmer or veterinarian.  
Significantly higher PM concentrations were obtained by personal sampling compared to static PM 
sampling. This difference ranged from 7 to 25%, depending on the measured PM fraction. 
During these experiments, the measured indoor gas concentrations did not exceed the TWA exposure 
limits. Still, measurements at the same fattening facility during the winter period could increase with 




Chapter 6.  General discussion 
 
 
The scope of this thesis was to setup measuring strategies for pig fattening facilities and to measure 
PM and gases in indoor air and their emissions. In this chapter we want to discuss some of our 
research topics in more detail. A first part of this general discussion will handle about the measuring 
methodology and strategies and the possible ways to achieve more uniform strategies on international 
level with the focus on European research S 6.1). Furthermore, we wanted to gain insight in the indoor 
air quality and emissions from pig fattening facilities in Flanders. Specifically regarding the emission 
measurements, it is interesting to estimate the total emission contribution per pollutant for Flanders, 
based on the emission factors retrieved in this research. This will be discussed in Section 6.2. With 
respect to reduced sampling strategies, and in view of the difficulty of measuring PM and gases in 
livestock facilities and reducing the high costs associated with these measurements, modelling and 
prediction are gaining more attention. Therefore, the possibility to set up prediction models for PM, 
NH3 and GHG in PFF was examined in Section 6.3.  
 
6.1. Measuring methodologies and strategies 
 
This research set an important step to assess different PM and gas measuring methods in livestock 
facilities. Different existing measuring strategies on international level have been reported in in 
Section 1.4 and Chapter 3. But in order to obtain reliable and comparable outputs, these must be based 
on equivalent measuring strategies with equivalent sampling instruments, and preferably based on 
shortened and affordable measuring strategies.  
 
Important steps to standardize emission measurements in this direction have been set by a joint 
initiative between Denmark, the Netherlands and Germany (VERA, 2011) and by Robin et al. (2010). 
The VERA test protocol is a measuring strategy for NH3, odour and PM to establish EF. The strategy 
is described in detail per animal category. For PFF they suggest 6 sampling days with 50% of the 
measurements performed in the first half of the production cycle, and the remainder in the second half. 
Furthermore, the sampling days in the second half of the production cycle should be equally 
distributed within the year (same number of measurements per season). Robin et al. (2010) focused 
their measuring strategy on ammonia and GHG (CO2, CH4 and N2O). Different strategies were 
reviewed, among these the mass balance deficit. This is a sampling strategy to measure the emission 




day 15-25, one between day 50-70, one between 80-110. Sampling should be done continuously 
between 10am and 4pm just above animal height (approximately at 1.2 m).  
 
Compared to the measuring strategies for PM and gases suggested in this research, the number of 
sampling days per facility in this research was higher (8-10 during two fattening periods, depending on 
the duration of the fattening period) and the total sampling time was shorter as suggested by the 
VERA protocol (8 to 10 months, the duration of 2 fattening cycles). In addition, we suggest to 
measure always on two consecutive days for PM which brings the total number of measuring days up 
to almost 20.  
Our research indicates that the suggested measuring location and time of sampling by Robin et al. 
(2010) could lead to errors. As can be seen in Section 3.3, the choice of sampling location has a great 
influence on the measured gas concentrations. Therefore, we suggest, similar to the VERA protocol, 
emission measurements at the exhaust.  
Furthermore, both PM and gas indoor concentrations showed a distinct daily pattern with relatively 
large variations (Fig. 3.10 and 3.20). When sampling a short time during the day, a different 
concentration will be measured depending on the time interval measured compared to 24h sampling. 
 
According to the VERA protocol, to achieve sufficient repetitions, the measurements should be 
performed on at least 4 identical facilities or on two identical facilities of a new system and two 
identically conventional systems. Mosquera and Ogink (2004) found that increasing the number of 
measured farms from 1 to 4 reduced the total standard deviation on the NH3 emission factor with 
almost  a factor 2. Increasing the number of farms and stables would only improve the accuracy of the 
emission factors and also of the indoor concentrations. In order to perform a power analysis to 
determine the amount of stables to be measured, more farms should be measured or data from similar 
farms should be compiled.  
The VERA test protocol suggests a limited number of appropriate sampling instruments for ammonia, 
among these the photo-acoustic gas monitor used in our research. The protocol also suggests PM 
sampling instruments like the Impactor and the Spectrometer, although we found large deviations in 
measured concentrations, especially for the smaller PM fractions (see Section 3.1.2).  
According to the VERA protocol, measurements of GHG like N2O and CH4 are not obligatory, 
although these gases are important with respect to the Kyoto Protocol. In contrast, it is obligated to 
measure CO2 concentration during the measurements as an indication of good air quality. The 
suggested measuring strategy for N2O, CH4 and CO2 is similar to the one for NH3. The measuring 






6.2. Contribution of the pig rearing industry to the total emissions in 
Flanders 
 
In view of different European regulations and the introduction of emission ceilings at member state 
level, emission inventories for each activity sector including agriculture are required for Flanders. For 
subsectors like the pig industry a detailed emission inventory is necessary in order to develop a 
sustainable policy and efficient reduction measures. Based on the results of our research, we 
performed an update of the contribution of PFF to ambient air pollution and also made an estimation 
of  the total emissions for the pig industry in Flanders. 
Emission factors are usually expressed as yearly emissions per animal. Based on the detailed inventory 
of pig stables in Flanders, with number of pigs per stable (maximum animal capacity) (VLM dataset, 
2011 (personal communication)). Based on these data, an extrapolation could be performed to update 
the total emissions from PFF and estimate the total emissions for the pig industry in Flanders. A 
detailed description of the calculation method can be found in Appendix A. 
The total stable emissions of PM, NH3, N2O, CH4, and CO2 from the pig fattening facilities and also 
for all pig facilities, expressed in ton year
-1
, are shown in Tables 6.1 and 6.2. Table 6.1 shows the 
emissions based on the mean EF for conventional stables as reported in Table 4.9 (Chapter 4). Table 
6.2 shows the emissions based on the maximum EF, which is the mean EF plus the S.D., to estimate 
the worst case scenario.  
 
Table 6.1 Estimation of the total emissions (ton yr-1) for fattening pigs and for the total pig industry in Flanders based 












PM1  14 17 unknown - 
PM2.5  31 37 278 0.1 
PM10  398 486 1219 0.4 
NH3  8 160 10 771 12 559 0.9 
N2O 629 830 159 5.2 
CH4  42 452 56 036 58 645 1.0 
CO2  1 714 392 2 262 997 - - 









Table 6.2 Estimation of the total emissions (ton yr-1) for fattening pigs and Total pig industry in Flanders based on the 










PM1  22 27 unknown - 
PM2.5  43 52 278 0.2 
PM10  507 618 1219 0.5 
NH3  13 352 17 625 12 559 1.4 
N2O 1 143 1 509 159 9.5 
CH4  80 821 106 684 58 645 1.8 
CO2  2 987 940 3 944 081 - - 
* VMM internal report, 2013 
 
Our estimations can be compared with the current Flemish emission inventories for stable emissions 
(VMM internal report, 2013), except for PM1, for which there were no data available. The Flemish 
emission inventories for PM10, PM2.5, NH3, CH4 and N2O are based on limited international research 
and the European Atmospheric Emission Inventory Guidebook (EEA, 2009) and literature (Colles et 
al., 2005; Informative Inventory Report, 2012; Campens et al., 2010). The available CO2 emissions 
related to pig facilities are based on the land use for feed crops and energy consumption. Respiration 
by the animals, as measured in our research, is not taken into account as these are considered as a part 
of the cycling biological system where emitted and absorbed quantities are considered equal (FAO, 
2006; VMM, 2011). 
Considering the stable emissions for the total pig industry, the Flemish inventories were much higher 
than our calculated total emissions of PM2.5, PM10: more than 10 times higher for PM2.5, and more than 
three times higher for PM10. The emissions calculated based on the EF of the MER guidelines 
(Willems et al., 2011; Appendix A, Table A.2) were in the same range as the Flemish inventories 
(1400 and 242 ton yr
-1
 for PM10 and PM2.5, respectively). The Flemish estimated N2O emission was 
about five times lower than our calculated emissions. Emission of NH3 and CH4 were in the same 
range.  
Taking into account the worst case scenario (Table 6.2), the differences with the Flemish inventories 
decreased for PM, although they were still significant. The other pollutants showed an increasing 
difference between our calculated values and the inventory emission data. 
 
Figures 6.1 to 6.8 show the emissions for each individual PFF in Flanders, based on the mean EF for 
conventional stables (Table 4.9). The emission of NH3, PM2.5 and PM10 are reduced for low emission 
stables  according to the MER guidelines of the Flemish government (Willems et al., 2011) (as 




(Region Roeselare-Tielt), and also in the region Kempen.. Furthermore, there were relatively more 
stables with high emissions in this latter region. 
The emission maps of the different pollutants showed similar patterns as the stable emission are based 
on the number of pigs multiplied with the EF. 
 
 
Fig.6.1 Estimated PM1 emissions (kton yr






Fig. 6.2 Estimated PM2.5 emission (kton yr
-1) per pig fattening facility. 
 
 
Fig. 6.3 Estimated PM10 emission (kton yr








Fig. 6.4 Estimated NH3 emission (kton yr
-1) per pig fattening facility 
 
 
Fig. 6.5 Estimated N2O emission (kton yr






Fig. 6.6 Estimated CH4 emission (kton yr
-1) per pig fattening facility 
 
Fig. 6.7 Estimated CO2 emission (kton yr





So overall, the calculation based on the mean emission factors of this research showed relatively good 
comparison with the current emission inventories for NH3 and CH4. However, for PM and N2O this 
research indicated an urgent need to update the estimated emissions. It should be mentioned that our 
EF were based on a limited number of measurements in conventional fattening stables, but these were 
comparable to other related studies (Chapter 4).  
Furthermore, the emission inventories for CO2 did not include the animal respirations, although the 
total amount of CO2 emitted based on our calculations is higher than the current CO2 emission 
inventory for the pig industry, which is 862 080 ton yr
-1
 (VMM, 2010). An evaluation of the source 
sink relation of CO2 is recommended in order to evaluate the impact of livestock emissions.    
 
Based on the stable inventory of the VLM (2011), only 15% of the fattening stables in Flanders are 
low ammonia emission stables (Table 1.1). This means a NH3 reduction of 50%, or in the case of a wet 
scrubber 70%. The wet scrubber, especially the bioscrubber also has a large potential to reduce PM 
(MER, 2011). With 85% of the fattening stables still conventionally built, Flanders has a high 
potential to further improve stable facilities regarding mitigation of pollutants like ammonia and PM. 
Currently, the focus on emission mitigation strategies, both regulatory as research wise, is mainly on 
ammonia and, due to public attention, also odour. However, as GHG become more important, 
mitigation strategies should also focus on this aspect. 
 
6.3. Potential of modelling as a prediction tool 
 
Prediction models are useful as they reduce measuring time and so, associated costs. But they can also 
be used as an on farm tool for evaluation of the indoor air quality.  
Modelling indoor concentrations and emissions from a pig fattening facility has been performed for 
ammonia and GHG in Section 3.3. These models were based on measurements during one fattening 
period and it was concluded that extrapolation of the model towards other periods was not possible. 
Therefore, we attempted to model the indoor PM and gas concentrations and emission, based on the 
performed measurements at different PFF (Chapter 4). The aim was to assess prediction models for the 
indoor concentrations and emission (E) of PM (PM1, PM2.5 and PM10) and gases (NH3, N2O, CH4 and  
CO2) in pig fattening stables based on relatively easy to measure parameters. 
A detailed description of the modelling procedure and results can be found in Appendix B. 
 
Based on this research, we found usable models to predict indoor concentrations of N2O, CH4 and 
CO2, and emissions of CH4 and CO2 during one fattening period. For some parameters like IC PM10, 
PM1, NH3 and CO2, and for E PM1, N2O and CO2 it could be preferable to establish more than one 




possible on the available dataset. According to this research, no models could be established for IC 
and E PM2.5, E PM10, and E NH3. Especially for the latter parameter (E NH3) this is a remarkable 
finding, as different authors have been able to establish models (Aarnink et al., 1995; Jacobson et al., 
2004b; Chen et al., 2011). Furthermore, models based on hour and day in the fattening period (Section 
3.3) gave generally better fitting results (based on the CC). This is mainly due to the different number 
of fattening periods and stables used for modelling. The reported models in Section 3.3 were based on 
one fattening period in one stable compartment and were not applicable for expansion to the 
consecutively fattening period in the same stable. The models as described above are two subsequent 
fattening cycles measured over 5 different conventional PFF. Although all facilities were conventional 
systems, the seasonal influence and the management play an important role when establishing models 
for indoor concentrations and emissions.  
 
Based on our findings in combination with previously performed research, it can be concluded that 
currently establishing a general model for all livestock facilities is not possible. Perhaps a more 
profound research with more stables should be performed, which also include stable characteristics 
and management. At the moment however, we suggest to focus on shortening the measuring periods in 
combination with modelling. A model per stable could be created in the future, but due to changes in 





Chapter 7.  General conclusions, recommendations 
and future research 
 
The impact of livestock facilities on the ambient air quality and environment, but also on the human 
and animal health, has a growing public awareness. Pig fattening facilities have a large contribution to 
emissions of PM, ammonia and GHG. Reliable and affordable measurements of indoor air quality and 
emissions from livestock facilities are an important first step towards sector innovation and 
sustainability. This evolution can contribute to an improved perception of agriculture, and confined 
animal housing in specific, by the public. This can only benefit the entire rearing industry. 
 
The scope of this thesis was first to achieve a reduced measuring strategy for sampling PM, ammonia 
and GHG in pig fattening facilities. Furthermore, indoor and emission measurements of these gases 
were performed in a selection of PFF to determine the indoor air quality and to calculate emission 
factors.  
A first step in this research was the comparison of different PM sampling instruments. Such 
comparison tests have been previously performed in ambient air, but due to the specific PM loaded 
aerosols in livestock facilities, it was necessary to perform these comparison tests in the specific 
environment under investigation, in this case pig fattening facilities. In most cases comparable results 
in PM10 concentrations were found between the different instruments. However, considering PM2.5 and 
PM1, the measured concentrations were less comparable. Furthermore, the available European 
comparison and equivalence procedure (EN 13205, 2002) has shown some flaws and should be used 
carefully and with expert judgement.  
Continuous measurements of PM and gases in PFF is difficult due to the high work load, major 
technical challenges and considerable costs. Therefore reduced measuring strategies were developed 
whereby the total sampling time is significantly shortened without loss of important information on 
indoor concentrations and emission rates. To do so, firstly an evaluation of the spatial and temporal 
variations of the different pollutants was performed. Both diurnal variations and variations during the 
fattening period for different PM fractions and gases were described in this research. For PM, 
especially the temporal variations explained the concentration variance observed during the 
measurements. In contrast, mainly the sampling location had a significant influence on the measured 
gas concentrations. Finally, a reduced measuring strategy based on these research findings was set up. 
This reduced measuring strategy was used to measure indoor concentrations and emissions at different 
fattening facilities in Flanders. Indoor air quality has been measured and emission factors have been 
established and evaluated, also in relation to international research. Additional specific measurements 




weighted average daily exposure was assessed and compared to national occupational health 
regulations. 
Finally, based on the results of this study, an estimation was made of the different emissions from the 
Flemish pig industry in Flanders. Based on the PFF inventory, we could observe still 85% of the PFF 
in Flanders are conventionally built. So, at present there is still a high potential for further emission 
reduction of PM, NH3 and GHG in the pig rearing industry in Flanders. 
 
Recommendations and future research 
- Concerning measuring methods and strategies: 
 Correct and accurate measurements are essential in order to perform reliable 
measurements. Therefore, comparison tests for PM sampling instruments should be 
extended to other types of livestock facilities (e.g. poultry houses). Furthermore, more 
research should be performed on the performance of PM sampling instruments with regard 
of the small PM fractions like PM2.5 and PM1. We believe the focus must lie on reliable, 
yet affordable instruments, which preferably can be used as direct reading instruments in 
order to perform an immediate evaluation of the indoor air quality. 
 Similar research should be performed for the different gases present in livestock facilities. 
Although several studies have been performed in this area, new instrument performance 
tests should be done with the focus on direct reading instruments.  
 From the results in our research, we suggest a revision of the available European field 
comparison and equivalence procedure (EN 13205, 2002) for PM measuring instruments. 
This procedure has shown some flaws and should be used carefully and with expert 
judgement.  
 In order to obtain comparable results on international level, research funding is needed to 
achieve more uniformity in the different measuring strategies. This could be done by 
compiling different international datasets. In this perspective, also uniformity in units is 
required to express emissions.  
 Compiling datasets and increasing the number of stable measurements would allow a 
power analysis in order the determine the amount of stables to be measured to achieve 
representative EF.  
 As mentioned before, prediction models offer different advantages. Modelling should be 
further investigated, using a larger dataset with a broader range of stable types. Including 
stable characteristics and management information as model parameters offers the 
possibility to evaluate different reduction strategies. 
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- Concerning indoor concentration and emission measurements: 
 The indoor parameters measured in this research are a first step in order to evaluate the 
indoor air quality in PFF. However, more research should be performed concerning the 
interactions between these pollutants. The relation between odour and PM and the 
formation of secondary aerosols with NH3 are important topics in this perspective. Also in 
relation to human and animal health and production, extended research is advised 
including bio-aerosols. 
 H2S is an important gas towards indoor health and production. It is also very significant in 
relation to odour emissions and potential nuisance. Therefore it is advisable, when 
possible, to measure H2S simultaneously with the other gases. 
 A great advantage of the used PM sampling instruments for our research, is the broad 
spectrum aspect of the measurements. The equipment is capable of measuring 32 different 
PM fractions simultaneously, which offers the possibility to create particle size 
distributions of the aerosol under investigation. These could be further analysed in more 
detail, e.g. in order to look for relations with different PM sources. This is also of special 
interest with respect to finding appropriate reduction strategies.  
 During this research we estimated the total emissions from the pig rearing industry. Our 
findings indicate that a revision of PM and N2O emission inventories is advisable.  
 The focus of this research was on PFF. Emission inventories based on correct and accurate 
measurements are a first step in order to set up emission ceilings and to verify compliance 
with different regulations. However, in order to receive an accurate emission inventory, a 
broader range of stable types should be measured, including other animal categories. 
 With respect to a sustainable livestock sector in Flanders, we suggest to focus first on 
innovation through the development of new housing systems and emission reduction 
techniques. 
As there are significant regional differences (mainly due to management) which can cause 



















Fijn stof, ammoniak en broeikasgassen in vleesvarkensstallen: meetstrategieën, 
binnenluchtconcentraties en emissies 
 
De varkenshouderij heeft een grote economische impact zowel op wereldvlak als in Vlaanderen. In 
2010 werden ongeveer 6,4 miljoen varkens gehouden in België, waarvan 94% in Vlaanderen (DLV, 
2011). De Vlaamse varkenshouderij heeft een totale productiewaarde van 1,38 miljard euro (Platteau 
et al., 2012) en varkensvlees is nog steeds het meest geconsumeerde vlees in België. De 
milieueffecten, zoals verzuring, eutrofiëring en opwarming van de aarde is internationaal erkende 
problematiek. Daarnaast krijgen gezondheidsproblemen gerelateerd aan de fijn stofconcentraties in de 
lucht meer en meer aandacht. Er is een groeiend besef van de belangrijke bijdrage van de emissies uit 
de veehouderij aan de luchtkwaliteit. Zo worden er verschillende emissieplafonds geïntroduceerd in 
het kader van  Europese richtlijnen. 
Daarom is er nood aan meer kennis omtrent de kwaliteit van de binnenlucht en emissies in de 
varkenshouderij, ook specifiek voor de Vlaamse situatie.  
 
De doestelling van dit onderzoek was het opstellen van een verkorte meetprocedure voor het meten 
van fijn stof, ammoniak en broeikasgassen (N2O, CH4 en CO2) in vleesvarkensstallen. Daarnaast 
werden er metingen gedaan naar de concentraties in de stal en de emissies van deze parameters, met 
het oog op het beoordelen van de luchtkwaliteit in de stal en de emissiefactoren. 
Het onderzoek werd opgedeeld in twee delen: 1) meetmethoden en strategieën, 2) metingen van de 
luchtkwaliteit in de stal en emissies en een evaluatie van de emissiefactoren en de arbeidsveiligheid. 
 
Gedurende het eerste gedeelte werden meetmethoden voor fijn stof (PM10, PM2.5 en PM1) onderzocht 
in de specifieke omgevingslucht van vleesvarkensstallen (Hoofdstuk 3.1). Verschillende 
meetinstrumenten werden vergeleken en hun onderlinge equivalentie werd onderzocht. Het bepalen 
van de equivalentie gebeurde volgens de norm EN 13205 (2002). Daarnaast werd de prestatie van de 
meetinstrumenten geëvalueerd met betrekking tot de heersende temperatuur en relatieve vochtigheid 
in de stal, de meetduur en de fijn stofconcentratie. Vier type stofmeetinstrumenten werden getest: het 
referentiemeettoestel voor buitenlucht (volgens Europese en Belgische normen EN 12341 en EN 
14709), een PM10 impactor, een bèta-absorptie monitor (BAM) en twee identieke spectrometers. 
Voor PM10 werden in de meeste gevallen vergelijkbare resultaten gemeten met de stofmeters. 




spectrometers en de impactor. Voor de kleinere fracties PM2.5 en PM1 waren de gemeten concentraties 
met de verschillende toestellen minder vergelijkbaar en werd ook geen equivalentie vastgesteld. 
Algemeen werden iets lagere PM10 concentraties gemeten met de meettoestellen die de fijn stoffracties 
scheiden op basis van de impactiemethode (referentiemeter, impactor en BAM). Daarentegen werden 
met deze toestellen hogere concentraties van PM2.5 en PM1 gemeten, waarbij het verschil kon oplopen 
tot een factor 25. Waarschijnlijk was dit te wijten aan een overbelading van de impactieplaten met 
stofdeeltjes. 
 
Om meetstrategieën te ontwikkelen voor fijn stof en gassen in de vleesvarkensstal (Hoofdstuk 3.2 en 
3.3), werden gedurende één mestperiode de binnenluchtconcentraties en emissies intensief bemonsterd 
in een compartiment van een traditionele vleesvarkensstal. Op basis van deze dataset werd een analyse 
gemaakt van de ruimtelijke en temporele verdeling van de concentraties in de stal.   
Er werden 31 verschillende fijn stoffracties gemeten tussen 0.25 en 32 µm, en dit simultaan met NH3, 
N2O, CH4 en CO2 op 19 verschillende locaties in de stal. Tevens werden ook het ventilatiedebiet, de 
temperatuur en de relatieve vochtigheid gemeten in de stal.  
Voor fijn stof werden er significante concentratieverschillen in de stal vastgesteld, maar deze 
verschillen waren klein in verhouding tot de concentratieverschillen die konden toegeschreven worden 
aan dagelijkse variatie en variatie over de volledige mestperiode. De bijdrage van locatie aan de 
variatie in concentratie was 6, 4 en 12%, respectievelijk voor PM1, PM2.5 en PM10. De dagelijkse 
variatie (effect van uur) leverde een bijdrage van 29, 65 en 58% tot de concentratievariantie, het effect 
van variatie over de volledige mestperiode bedroeg 65, 31 en 31%, respectievelijk voor PM1, PM2.5 en 
PM10. Gebaseerd op deze vaststellingen werd een meetstrategie voor fijn stof voorgesteld. Voor een 
mestperiode van 120 dagen komt dit neer op 1 meetperiode van 48 uur per maand. Deze meetstrategie 
geeft de mogelijkheid om de meetduur significant de reduceren in vergelijking  met continue 
meetstrategiëen en dit zonder verlies van belangrijke data. Deze meetmethode laat ook toe om de 
evolutie van de fijn stofconcentraties te reconstrueren over de hele mestronde. 
Gelijkaardig aan fijn stof werd ook een meetstrategie voor de gassen (NH3, CH4, N2O en CO2) 
ontwikkeld. Op verschillende locaties in de stal werden er significante concentratieverschillen 
gemeten. De hoogst gemeten concentraties werden gevonden op dierhoogte, gevolgd door de 
concentraties ter hoogte van de ventilatoruitlaat. De concentraties stegen naar de ventilatoruitlaat toe. 
De laagste concentraties werden gemeten achteraan de stal op 2.4 m hoogte. Voor NH3 en CH4 werd er 
een gelijkaardige ruimtelijke verdeling vastgesteld. Gebaseerd op de gemiddelde concentraties 
gedurende de mestperiode werden er grote concentratieverschillen vastgesteld over de verschillende 
locaties. Het relatieve verschil tussen de minimum en maximum gemiddelde concentratie bedroeg 80, 
84, 48 en 47% voor respectievelijk NH3, CH4, N2O en CO2. 
Daarnaast had de gemeten locatie een significante bijdrage tot de gemeten variatie in de 




bijdrage aan de concentratievariantie werd gevonden voor het effect van uur in de dag en dag in de 
mestronde. Er was een significante interactie tussen het ventilatiedebiet en de gemeten locatie en dit 
voor NH3, CO2 en CH4, wat wijst op een significant effect van het ventilatiepatroon op de gemeten 
concentratie.  
Om een meetstrategie te bepalen, werden niet alleen de ruimtelijke variaties in concentraties 
onderzocht, maar ook de temporele variaties. Deze studie was gebaseerd op intensieve metingen van 
NH3, CH4, N2O en CO2 gedurende twee mestronden in een vleesvarkensstal met 7 gelijke 
compartimenten. Het was de doelstelling om de variatie van de binnenconcentraties en de emissies 
tussen de compartimenten te bepalen, alsook de dagelijkse variaties en de variaties gedurende de hele 
mestperiode. 
Er werden modellen opgesteld om de evolutie van zowel de binnenconcentraties als de emissies van 
de verschillende gassen te simuleren gedurende de mestperiode. Op basis van alle meetdagen en voor 
alle compartimenten, werden er goede predictiemodellen gevonden. Op basis van de modellen werden 
er gelijkaardige modellen opgesteld met een verminderd aantal meetdagen. Het verminderen van het 
aantal meetdagen tot een willekeurig gekozen dag per maand, met metingen in alle compartimenten, 
bleek voldoende voor de voorspelling van de evolutie van de binnenconcentraties en emissies over de 
gehele mestronde. Uit deze analyse konden we concluderen dat een goede voorspelling van de 
binnenconcentraties en emissie van NH3, CH4, N2O en CO2 mogelijk is met een meetstrategie op basis 
van één dag meten per maand voor een mestperiode van 120 dagen. Hierbij dient de bemonstering te 
resulteren in een gemiddelde concentratie per uur. Aangezien de bijdrage van de meetlocatie op de 
gemeten gasconcentratie significant is, is het belangrijk om de concentraties te meten op de plaats van 
interesse, bijv. bij de ventilatie-uitlaat voor emissiemetingen of op dierhoogte om de blootstelling te 
bepalen. 
 
Tijdens het tweede deel van dit onderzoek werden de concentraties van fijn stof (PM1, PM2.5 en PM10) 
en gassen (NH3, CH4, N2O en CO2) in verschillende conventionele vleesvarkensstallen en in een 
emissiearme (EA) gemeten, met gebruik van de verkorte meetstrategie (Hoofdstuk 4). 
Emissiemetingen werden gebruikt om EF te berekenen en deze werden geëvalueerd op basis van 
gelijkaardige studies in het buitenland. In totaal werden er zes vleesvarkensstallen bemonsterd 
gedurende twee mestperiodes. De gemiddelde fijn stof concentraties voor de conventionele stallen 
bedroegen 15,0; 38,9 en 719 mg m
-3
 voor PM1, PM2.5 en PM10 respectievelijk. Terwijl deze voor de EA 
stal 14,2; 41,2 en 595 mg m
-3
 respectievelijk bedroegen. De gemiddelde binnenconcentraties voor de 
conventionele stallen waren 18,7; 0,82; 128 en 2034 ppm voor NH3, N2O, CH4 en respectievelijk CO2 
en voor de EA stal 16,3; 0,73; 164 en 2156 ppm. De emissiefactoren van de conventionele stallen 
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 voor CO2. Bovendien werden de deeltjesgrootteverdeling en de correlatie tussen 
concentraties gemeten in de stal, de emissies en de verschillende randparameters onderzocht. 
 
Tot slot werd ook de blootstelling aan fijn stof voor zowel de boer als de dierenarts onderzocht, en dit 
tijdens verschillende operationele taken in vleesvarkensstal (Hoofdstuk 5). De blootstelling op 
dagbasis (tijdgewogen gemiddelde (TWA)) werd geschat. De gemeten PM fracties waren: 
inhaleerbaar en respirabel stof, PM1, PM2.5 en PM10. Daarnaast werden de effecten van leeftijd van de 
varkens, vloertype van de stal (volledige roostervloer of gedeeltelijke roostervloer (beperkt 
emissieoppervlak)) en het schoonmaken van de hokken op de persoonlijke fijn stof blootstelling 
onderzocht. Tijdens sommige operationele taken werden ook concentraties van NH3, CH4, en CO2 
gemeten. De resultaten toonden aan dat de persoonlijke blootstellingsniveaus hoog kunnen oplopen 
voor een aantal operationele taken van de veehouder of de dierenarts. De hoogste concentraties 
werden gemeten tijdens het scheppen van het voeder en het afnemen van bloed bij de varkens. De 
laagste concentraties werden gemeten tijdens het wegen van de varkens. Voor de veehouder werd de 
daggemiddelde blootstelling geschat op 6,0 en 0,29 mg m
-3
 voor respectievelijk inhaleerbaar en 
respirabel stof. De blootstelling voor de veeartsarts werd geschat op respectievelijk 10,6 en 0,74 mg m
-
3
 voor deze twee fracties. 
Het concentratieniveau bij de fijn stofblootstelling werd vooral bepaald door de uitgevoerde 
operationele taken. Er was geen significant effect van leeftijd van de varkens, vloertype, noch het 
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Appendix A – Contribution of the pig rearing 
industry to the total emissions in Flanders 
 
A.1 Calculation of the total emissions from PFF in Flanders 
 
The total emission for the pig fattening industry was calculated based on the EF determined during this 
research (Table 4.9). These EF were used for conventional stables. The low emissions stable emissions 
were calculated based on the EF of the conventional stables with a reduction for NH3, PM10 and PM2.5 
according to the MER guidelines (Willems et al., 201; see table A.1). 
 
Table A. 1 Overview of the reductions of the low emission PFF according to the Flemish MER guidelines (Willems et 
al., 2011). 
Low emission system Reduction (%) 
  NH3 PM10 PM2.5 
Chemical wet scrubber 70 30 60 
Bioscrubber 70 40 60 
Other (no scrubber) 50 0 0 
 
 
Based on the dataset of the VLM 2011 (personal communication), which contains a detailed listing of 
all stables and the number of animal places per stable, the total emission per stable could be calculated 
according to equation 4. 
       (4) 





A= number of animals 
 
Based on the MER emission factors suggested by the Flemish government the same calculation could 
be performed for the PFF. Furthermore, the total emissions for all other pig categories could be 










Table A.2 Calculated emissions per pig category based on the EF of the Flemish MER guidelines (2011). 
    NH3 PM10 PM2.5 
  
Number of 









contributionb (ton yr-1) (ton yr-1) (ton yr-1) 
Fattening pigs (20-
110kg) 4 081 801 66 9258 68% 1089 78% 189 78% 
Sows incl. piglets < 7kg 426 215 7 31 0% 1.20 0% 0.21 0% 
Piglets (7-20kg) 1 628 277 26 939 7% 207 15% 35 14% 
Boars 5 862 0 3057 23% 86 6% 15 6% 
Bearing sows 76 018 1 282 2% 16 1% 3 1% 
Total 6 218 173 100 13567 100% 1400 100% 242 100% 
A.2 Calculation of the total emissions for the pig industry in Flanders 
 
An estimation for the emissions from the total pig industry (stable emissions) was based on our 
calculated emission from the PFF and the relative contribution of the fattening pigs to the total 
emissions in Flanders as calculated in Table A.2. For NH3, PM10 and PM2.5 32, 22 and 22% was added 
to the emission from PFF (Table 6.1 and 6.2) to obtain the total emissions from pig stables. For the 
other parameters there were insufficient EF available to make a similar calculation. For PM1 also 22% 
was added, similar to the other PM factions, and  for CO2, N2O and CH4, similar to NH3, 32% was 








Prediction of indoor air quality and emission rates receive a growing interest due to the to the high 
costs and labour intensity associated with measuring in livestock facilities (Heber et al., 2006; 
Vrancken, 2004). Firstly, a model can be used to predict indoor concentrations or emissions on days 
within the fattening period without measurements. A second benefit of prediction models is the 
possibility to develop on farm evaluation tools to assist decisions concerning improvements of the 
indoor climate. For this latter application, models can use  relatively easy and low cost measurements 
of  parameters like T, RH,... .Models can also help to extrapolate indoor concentration and emission 
measurements between similar facilities. However, for large scale prediction models including new 
technologies, building construction or management, the characteristics of the housing system should 
be incorporated in the models. Examples of such parameters are the surface ratio of solid/slatted floor, 
type of bedding materials, feeding types, animal species,... 
As described in Section 3.3.7, different studies involved the modelling of indoor PM or gas 
concentrations in PFF, but in most cases modelling of emissions  has been performed. Aarnink et al. 
(1995) established an ammonia emission model based on the day in the fattening period. According to 
Haeussermann et al. (2008), housing characteristics and farm management exerted a considerable 
influence on the PM10 concentrations and emissions from pig facilities (sows, weaning and fattening). 
The main influencing variables were ventilation rate, animal activity, feeding operation, indoor RH, 
animal weight and day in the fattening period. Ammonia release in pig houses was modelled by Ni et 
al. (2000b). Jacobsen et al. (2004) developed an ammonia emission model based on CO2 
concentrations. They concluded that their model is usable for an individual housing facility, but that it 
was not possible to apply the model on other facilities. Furthermore, changes in feeding or climate 
management will affect  the model of a facility. Chen et al.  (2011) proposed prediction models for 




In our research  we attempted to model the indoor PM and gas concentrations and emission, based on 
the performed measurements at the respective PFF (Chapter 4).  
The objectives of this study were:  
 Assessing prediction models for the indoor concentrations and emission (E) of PM (PM1, 
PM2.5 and PM10) and gases (NH3, N2O, CH4 and  CO2) in pig fattening stables based on 




 Prediction of indoor concentrations of PM and gases based on relatively easy to measure 
parameters to evaluate the indoor air quality in the stable. 
 Prediction of emission rates of PM and gases based on relatively easy to measure parameters 
to assess stable emissions. 
 Evaluation of the developed prediction models. 
 
B.2 Materials and methods 
 
The prediction modelling was based on the dataset of Chapter 4. Five different conventional fattening 
facilities were measured during two consecutively fattening periods. More specifications about the 
measurement location and strategy are described in that chapter. All data analyses were performed on 
daily averages with SAS/STAT software mixed procedure (SAS 9.3, Cary, NC, USA). Prior to the 
analysis, incorrect measurements due to technical flaws were removed from the data sets. The data 
was not normally distributed according to the Kolmogorov-Smirnov test, but the residuals were 
normally distributed.  
Multi-linear regression models were based on the following parameters: indoor and outdoor 
temperature and relative humidity, the difference between outdoor and indoor temperature, age of the 
pigs (in weeks), day in the fattening period, day of the year (first of January is day 1), number of pigs 
in the stable and indoor CO2 concentration. This selection of the model parameters was based on 
backwards step regression modelling. 
Model evaluation was based on three criteria (fitting parameters): 
 The average concentration ratio (ACR) of the predicted and measured concentrations 
 The Pearson correlation coefficient (R) 
 The concordance correlation coefficient (CC), which is computed as the product of the bias 
correction factor and the Pearson correlation coefficient (Lin, 1989)   
 
B.3 Results and discussion 
 
B.3.1 Prediction models and evaluation of the fitting parameters 
 
The results of the fitting parameters for  the predicted concentrations and the measured concentration 
(ACR, R and CC) and the number of predicted concentrations are shown in table B.1. The number of 
predictions could differ per parameter, depending on the estimation parameters (and their respectively 





Relative good prediction models were achieved for the indoor concentration of N2O, CH4 and CO2 and 
for the emission of CH4 and CO2. These models had an ACR between 1 and 1.1 and a CC higher than 
0.5. The model parameters and estimates are shown in table B.2. Prediction models for the indoor 
concentration of PM1, PM10 and NH3 and for the emission of PM10 were also achieved (R>0.5) but the 
predicted values overestimated the measured values significantly (ACR ranging from 1.5 to 2.6). The 
modelled values for the indoor concentration of PM2.5 and the emission of NH3 also had significant 
correlations with the measured values, but R was only 0.44 and 0.40 respectively, and ACR values of 
0.4 and 1.5 were obtained respectively. Therefore, these models was not considered appropriate for 
prediction. 
Only for the prediction of the indoor concentration of N2O and the emission of PM2.5, no prediction 
model could be established based on the fitting parameters used in this research. 
Table B.1 The average concentration ratio (ACR), Pearson correlation coefficient (R), concordance correlation 
coefficient (CC) and number of predicted daily concentrations (IC) and emissions (E). 
 






IC 1.5 0.59 0.27 246 
E 2.2 0.24 0.23 99 
PM2.5 
IC 0.4 0.44 0.31 88 
E 2.0 0.08 0.02 99 
PM10 
IC 2.6 0.52 0.45 60 
E 1.6 0.54 0.51 246 
NH3 
IC 1.4 0.65 0.45 99 
E 1.5 0.40 0.38 99 
N2O 
IC 1.0 0.88 0.83 88 
E 3.0 0.26 0.17 99 
CH4 
IC 1.0 0.83 0.73 99 
E 1.0 0.67 0.66 45 
CO2 
IC 1.1 0.57 0.55 246 








Table B.2 Parameter estimates for the prediction models of indoor N2O, CH4 and CO2 concentrations and emissions 
of CH4 and CO2. 
N2O IC CH4 IC CH4 E CO2 IC CO2 E 
Parameter Estimate Parameter Estimate Parameter Estimate Parameter Estimate Parameter Estimate 
Intercept -1.07 Intercept -101.60 Intercept -21.09 Intercept 2734.22 Intercept -885.53 
Day_yr -2.51E-03 Day_yr 0.17 Day_yr 2.95E-02 Day_yr -2.14 Day_yr 0.48 
Day_fp 3.11E-03 T_out 5.17 Day_fp -5.47E-02 Day_fp -2.45 RH_out 4.70 
T_in 0.10 RH_out -0.93 T_out 1.31 T_out -59.77 T_out 35.34 
RH_out -9.86E-03 CO2 0.10 CO2 6.92E-03 RH_out 10.06 CO2 0.21 
Day_yr=daynumber (1=1st of January) 
Day_fp=day in the fattening period(1=first day pigs entered the stable) 
T_in, RH_in= temperature and relative humidity measured in the stable 
T_out, RH_out= outdoor temperature and relative humidity 
 
B.3.2 Sensitivity analysis of different parameters on the prediction models 
 
Tables B.3 and B.4 show the significance levels for the effect of the measured concentration, and the 
indoor or outdoor T and RH on the ratio of the predicted concentrations and the measured 
concentrations (x/y) for the PM and gases respectively.  
Indoor temperature had a significant effect on IC PM2.5, IC PM10 and on the emissions of PM2.5, NH3, 
N2O and CH4. But due to a limited number of comparable x/y ratios and temperature measurements, it 
was not possible to evaluate the temperature range at which the x/y ratio increased or decreased 
significantly. The outdoor temperature had only a significant effect on the IC and E of PM2.5, but these 
two prediction models were very weak. Indoor and outdoor RH had no significant influence on the x/y 
ratios, except for the outdoor RH on the x/y ratio of PM10 emissions. 
The measured concentration was the most influencing parameter on the x/y ratio and thus, also on the 
predicted value. Only for the emissions of CH4 the measured concentration had no significant 
influence on the x/y ratio. Figure B.1 shows the different x/y ratios with respect to the measured 
concentrations for each parameter, except CH4 E, as the concentration ratio was not significant 
influencing the x/y ratio. Figure B.1 also shows that the models show a better fit for certain 
concentration ranges. By limiting the respective concentration range, clear improvements of the 
models were found for IC PM10, PM1, NH3 and CO2, and for E PM1, N2O and CO2.  
For example, if the PM10 concentrations lower than 500 µg m
-3
 were removed from the dataset, the 
ACR became 1.0 and the R and CC remained in the same range as for the original dataset (Table B.1). 
For PM1,  high x/y ratios were obtained for indoor concentrations lower than 15 µg m
-3
. Removing 
these measurements from the data set, led to an ACR of 1.3 (compared to 1.5 in the original dataset), 
but the newly calculated R and CC showed that the model was not usable anymore (both R and 
CC=0.04). Furthermore, removing the concentrations lower than 15 µg m
-3










the model became usable for prediction with an ACR of 1.1, R=0.54 and CC=0.46.The x/y ratio of the 
NH3 indoor concentration was clearly higher at low concentrations. Removing the measured 
concentrations lower than 18 ppm and larger than 30 ppm from the dataset, improved the x/y ratio to a 
value of 1.2, but the R and CC decreased compared to the original dataset to respectively 0.37 and 
0.36. Furthermore, as for the IC PM1, the removed concentration range represents frequently measured 
indoor concentrations. The x/y ratio of E N2O rose to 1.4 (compared to 3.0 for the original dataset) 




, but the new R and CC remained 
inadequately for prediction (0.25 and 0.23 respectively). The prediction of the indoor concentration of 
CO2 improved also when only the concentrations higher than 1700 ppm were observed. In this case, 
the x/y ratio became 1.0, R=0.73 and CC=0.67. Finally, the CO2 emission predictions improved when 




. The x/y ratio became 0.9, R=0.79 and 
CC=0.62. 
Table B.3  P-values for the univariable test of the effect of measured concentration, indoor and outdoor temperature 
(T) and relative humidity (RH) on the ratio of the predicted and measured concentrations (x/y) for PM. 
 
PM1   PM2.5   PM10 
 IC E   IC E   IC E 


























Table B.4 P-values for the univariable test of the effect of measured concentration, indoor and outdoor temperature 
(T) and relative humidity (RH) on the ratio of the predicted and measured concentrations (x/y) for the gases. 
 
NH3   N2O   CH4   CO2 
 IC E   IC E   IC E   IC E 





































































































































Fig. B.1 The x/y ratios in function of the respective measured concentrations and emissions. The bold black line shows 
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